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ESTIMATION OF LINKAGE BY THE METHOD OF 
MINIMUM DISCREPANCY * 


V. N. MURTY 


Central Tobacco Research Institute, Rajahmundry, Andhra State (India) 


Received December 31, 1953 


T present different methods are in vogue in the field of genetics to cal- 

culate linkage intensities from F. data. During the earlier years EMEr- 
son's (1916) additive method was very popular but gradually gave way to 
other methods as it was less efficient statistically, although easier to use. At 
present FisHER’s (1928) product method, maximum likelihood method, and 
scoring method are in general use. Tables prepared by IMMER (1930) made 
the product method easier to use, but these were of limited use as they covered 
only a few common ratios. Maximum likelihood and scoring methods often in- 
volve heavy computations, and solution of high degree polynoinial equations. 
Tables prepared by the author (in press) reduce computations in the scoring 
method to a considerable extent. 

Thus it will be seen that all the methods in general use suffer from one 
disadvantage or other, and hence the necessity of a simpler yet statistically 
efficient method satisfying various criteria arises. In order to be most useful 
a formula for calculating intensities should be easy to use, account for differ- 
ential mortality of gametes or zygotes, and yet be statistically efficient. 
HALDANE’s (1953) method of minimum discrepancy satisfies all these re- 
quirements. It has not been utilised so far for calculating linkage intensities 
from genetic data. 

The object of the present paper is to present application of the new method 
for the calculation of linkage intensities. Tables have been prepared which give 
formulae for calculating linkage intensity for various genetic ratios. 


METHOD OF MINIMUM DISCREPANCY 


During the International Statistical Conference held in India (1951), J. B. 


S. HALDANE (1953a) discussed efficient methods of estimating a single param- 
eter from a sample. In particular he showed that if f,(x) be the expected fre- 
quency of the r™ class and n, the number of individuals found in it, the mini- 
misation of [f-(x)]?/(n,+1) gave an efficient estimate, and was some times 
simpler than the method of maximum likelihood. He called this the method of 
minimum discrepancy. 


* Part of the cost of the accompanying mathematical formulae and tables has been 
paid by the GALToN and MENDEL MEMoRIAL FUND, 
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EXAMPLES 
1. Case involving complementary factors 
Consider the estimation of linkage for the data in table 1. The probabilities 
of the four classes are: 


CRPg, CRpg, (Cr +cR +cr)Pg, (Cr +cR + cr)pg, 
5 2 + P) aa P) > (2-P) 1 (1 + 3P) 
16 16 16 16 


where P = (1-p)?, p being the proportion of crossovers between one of the 
factors for aleurone colour and the p~, factor. The method of minimum dis- 
crepancy minimises the function. 


FE | a ud 502 a (1 + 3P) 
_ + a _ — _ —_ 
16 16 16 16 

4 + + 


n, n, Nn, ny, 
2+PP HK1-PP O2-PP (1+3PP 
1.€@.5 + + + where 
ny n, Nn; n, 


n,= 1908 n,=301 n,= 1054 n, =687. 


2 








Differentiating with respect to P and equating to zero we have 


Pp 1 —n,n,n, + 6n,n,n, + 3n,n,n, — Gn,n3n, 





3 n,n,n, + n,n,n, + N,N,N, + N,N,N, 


Substitution of the values of n,, ng, ng, ny gives P = 0.5897; 1 -—\/P = 0.2321, 
i.e., 23.21 percent recombination. 

J. B. Hutcuinson (1929) for the above data had to solve an equation of 
the third degree by Horner's process and obtained P = 0.5902; 1-\/P = 
0.2318, i.e., 23.18 percent recombination. 


TABLE 1 


Observed segregation for aleurone color (9: 7) and pale green 
seedlings (3:1) in maize (Brunson’s F, data). 











CR (Cr +cR +cr) Seedling total 
Pa, 1907 1053 2960 
Pe 300 686 986 
Aleurone total 2207 1739 = 3946 
TABLE 2 


Comparison of maximum likelihood and minimum discrepancy methods. 





CRPg, CRpe, (Cr+cR+cr)Pg, (Cr+cR+cr)Pe, x? 





Observed 1907 300 1053 686 
Eapocesd M.L. 1916.42 303.20 1043.08 683.30 0.185 
M.D. 1916.05 303.57 1043.45 682.93 0.186 
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2. Case involving duplicate factors 


Consider the estimate of linkage for the data in table 3. The probabilities of 
the four classes are: 


V(ID + Id + iD) v(ID + Id + iD) Vid vid 
11+P 4-P 1-P P 
16 16 16 16 


Since the observed frequency in the double recessive class is zero, the method 
of minimum discrepancy requires a slight modification. Here we minimise 
the function, 

2 
(11+PY (4-P¥ (1-P¥ P 
+ + + — where n,, n3, n;, n, 
n, n, Ny; nN, 








are the observed frequencies in the four classes. Minimisation gives 


n,n,n, + 4n,n,n, — 11n,n,n, 





= 
F n,n,n, + n,n,n, + n,n,n, + n,N,n, 
Since ny=0; P =O, i.e., complete linkage with repulsion. The method of 
maximum likelihood also gave the same value. 
It will be clearly seen from the above examples that the new method gives 
estimates which are very close to those of maximum likelihood and is simpler 
to use. 


TABLE 3 


F, distribution for cotyledon colour (15:1) and seed coat colour (3:1) 
(Woodworth’s data). 











ID + Id +iD id Coat colour 
V 150 14 164 
v 64 0 64 
Cotyledon colour 214 14 n = 228 
TABLE 4 


Observed and expected frequencies for cotyledon colour 
and seed coat colour in soybeans. 











(ID + Id + iD)V (ID + Id + iD) idV idv — 
Observed 150 64 14 0 
Expected 156.75 57.00 14.25 0.00 1.1548 
SUMMARY 


HALDANE’s method of minimum discrepancy has been shown to be a statis- 
tically efficient estimating procedure. In two examples of linkage estimation 
it is shown to give results very close to those obtained by the method of 
maximum likelihood and it is simpler to use. Formulae are given for computing 
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from Fy, data the proportion of recombination between a pair of linked factors 
each interacting with other independent factors. 
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THE EFFECT OF CHRONIC GAMMA RADIATION ON 
ENDOSPERM MUTATIONS IN MAIZE! 
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Biology Department, Brookhaven National Laboratory, Upton, New York 
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HE utilization of Co®, as a source of gamma radiation, has made it 

possible to expose plants to radiation during most of their life cycle, 
SPARROW and SINGLETON (1953). By placing a Co source in the center of 
a field arranged with the plants growing concentrically around it, the effects 
of markedly different doses of radiation on the mutation rate can be studied. 
Preliminary reports of these results were published earlier (SINGLETON 
1951; SINGLETON et al. 1952). 

No attempt has been made in this discussion to differentiate between so 
called “ point mutations,” and mutations involving visible chromosomal losses 
or rearrangements. The reason for this is because of the difficulty of formulat- 
ing any clear cut demarkation between visible chromosomal alterations and 
invisible changes which necessitate detection by their resultant effect on the 
developing organism. We agree in principle with GoLtpscHMipt (1951) who 
stated “ I add that the only definition of a point mutation is its invisibility in 
the salivary chromosomes, i.e. a completely arbitrary delimitation based only 
upon the limits of the light microscope.” 

In the early days of radiation genetics, when genes were thought of as 
“beads on a string,” it was supposed that the radiation particle literally 
passed into the cell, “ hit” and “ knocked out” a gene. Today the general 
trend of thought leans toward the idea of the chromosome being a vital and 
integral part of the biological whole; i.e., the chromosome is considered to be 
a stable biological entity, requiring the presence of particular chemical states 
for proper functioning. The recent work of McCiintock (1951) has shown 
that it is possible to cause heritable alterations resembling “‘ gene mutations ” 
in maize merely by transposing a bit of heterochromatin from the original to 
a new location in the chromosome. 

The term “ mutation” literally means “ change.” In this manuscript the 
term mutation will be used to denote any genetic change. No attempt will 
be made to separate the various changes into types; the index used to indicate 
that a change had occurred was the phenotype of the organism. All the muta- 
tions observed here were first noted as recessive endosperm characters fol- 
lowing radiation of the dominant alleles by chronic gamma radiation. 


1 Research carried out at the Brookhaven National Laboratory under the auspices of 
the U. S. Atomic Energy Commission. 
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MATERIALS AND METHODS 


Since the area of the radiation field was limited, especially that part where 
high doses obtained, it was necessary to observe the mutation rate in the male 
gametophyte in order to obtain the large populations necessary in any mutation 
experiment. Several thousand functional pollen grains per plant were tested 
genetically, whereas it was possible to obtain only a few hundred seeds per 
plant. 

Genetic stocks used. Two principal recessive genetic stocks were used. One, 
BNL 3, was recessive for a number of endosperm characters su, pr, sh, wx 
and r. The genotype for aleurone color was A C r’. The plants were completely 
green due to the presence of the 7” allele. The genotype for plant color was 
Ab pl. BNL 2 was like BNL 3 except that the former was Su Su. 

The pollen parents BNL 1, 21, 130 and 145 were all dominant for the fol- 
lowing genes, 4 B Pl, giving fully colored purple plants; C R Pr, producing 
purple aleurone ; and for the endosperm characters Su Sh and Ix. The pollen 
parent, Purple P39, had purple aleurone 4 C R Pr, but a green plant (F?”). 
The four loci studied most intensively were Su, Pr, Sh and R, located on 
chromosomes 4, 5, 9 and 10 respectively. 

Planting plan, pollination and scoring mutations. The dominant stocks were 
grown in the radiation field. Pollen was collected daily, and in some cases twice 
daily, during the pollen shedding period. The pollen was placed on the silks 
of detasseled recessive plants which were growing in a “ clean”’ field having 
no radiation other than the normal amount from cosmic radiation (back- 
ground radiation). When pollen was collected only once a day, it was always 
taken from tassel bags that had been placed on the plants the day before. 
When pollen was collected twice in one day, the second collection came from 
tassel bags which had been placed on the plants the morning of the same day. 
These: bags were put on the tassels immediately after the former tassel bag 
had been removed, allowing little opportunity for stray pollen to settle on the 
tassel and to be included in the pollination made later in the day. The rows 
were one meter apart and were in circles around the radiation source which 
was in the center of the field. 

After harvest the ears were dried and scored for mutations. Each year the 
scoring has been done by the same individual; the personal error factor was 
thus eliminated as much as possible. Only mutations involving an entire kernel 
were scored as mutants, although “ fractional’ kernels were counted and 
tabulated in 1950. However, there was no apparent increase in the percent 
of fractional kernels with increased radiation. 

Since mutations from dominant to recessive were studied, it was im- 
portant to be able to rule out contamination as a possible factor affecting the 
results. This was done in three ways: 1. The recessive plants were grown in 


“ 


an isolated field and thoroughly detasseled. This measure prevented “ sib pol- 


lination ** contaminations. 2. The mutability of several endosperm characters 


was studied at one time in the same genetic stocks. Simultaneous mutations 
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for two genes have occurred very rarely, but none for three or four loci. 
3. All of the mutant kernels were tested the following year. Plants from mutant 
kernels should have been fully purple, 46P/, with the rare exception of a 
simultaneous mutation for one of these three genes with the endosperm mu- 
tation. 

It should be pointed out that the mutation rate increased as the radiation 
dosage increased, with increases greater than would be expected for a linear 
relationship between dosage and mutation rate. Such an increase would be 
difficult to explain as a result of contamination, hetero-fertilization, or causes 
other than radiation. 

After selecting all of the mutant kernels from a number of ears of any given 
pollination, the ears were shelled, and the non-mutant kernels were cleaned in 
a small Clipper cleaner. The cleaning process served also to mix the samples 
thoroughly. This was important since population numbers were estimated by 
weighing two aliquot samples of 50 grams, counting the number of seeds in 
each, and then estimating the number of seeds in the entire lot. With well 
mixed seed the variation between the counts of two samples was less than 
one percent in nearly all cases. If the error was greater than one percent, a 
third sample was taken; if it was within one percent of either of the first two 
samples, all three were averaged in making the estimate. Error due to counting 
samples was considered negligible. 

All mutant kernels scored were planted the following year and the result- 
ing plants were selfed or backcrossed to the recessive stock. By this means it 
was possible to determine whether the embryo of the mutant kernel had the 
same genetic constitution as the endosperm. The selfed ears were also ex- 
amined to determine which were semisterile and which were not. 

RESULTS 

The results of gamma radiation in the year 1950 are found in table 1. From 
these data it is evident that the higher doses of radiation were effective in 
producing mutations which were observed as recessive kernels on ears with 
endosperms predominantly of the dominant type. It was also evident that 
below 10-20 r per day the mutation rate was about the same as the control 
rate. This is shown graphically in figure 1. 

These data also show that the control mutation rate for the male gameto- 
phyte is much higher than that observed for the female gametophyte by 
STADLER (1942). However, as STADLER pointed out, “ In all cases in which 
a mutant is recorded, the mutation must have occurred early enough to affect 
both the endosperm and the embryo of the mutant seed, since the mutation 
is detected by its effect on the endosperm and the confirmation test applies 
to the genetic constitution of the embryo.” In the present study there was no 
such limitation as to the time at which mutation could take place. Mutations 
were detected regardless of when they took place. The only exception to this 
would be the mutations that occurred in the tube nucleus of the pollen grain. 
Such a mutation would not be observed. Likewise, the mutations in the sperm 
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TABLE 1 
1950 endosperm mutation rate (x 10~*) in male gametophyte (BNL 3 x BNL 1). 











Meters from Radiation 5% > Su Pr + pr Sh + sh Rr Total 
—* t/day No. Rate No. Rate No. Rate No. Rate seeds 

2 127 41 128 90 141 64 100 105 164 6,400 

3 57 30 23 ~~ 2 19 14.5 67 51.1 13,100 
4 31.8 12 Th 2? 367 5 3.1 54 33.4 16,200 
5 20.2 19 ‘6: Sy Sh 8 3.2 68 27.8 24,500 
7 10.3 0 0 5 7.5 3 45. 36: 39 6,700 
10 = 2 a 6 6.5 2 2.2. 2722 9,300 
14,20,28 2.5=.56 38 33 % 3.1 29 2.5 197 17.0 115,600 
40,57,75 -24=.056 23 2.4 46 4.8 10 1.0 170 17.7 96,300 
Totals 165 273 140 693 288,100 
Control HP G6 44 2% 4&8 4 0.9 95 21.9 43,300 
Control FP 0 O eS oSar 4 2.5 39 24.0 16,200 

1949 ¥ (within 

control range) 10 19 16 3.0 6 1.1 86 16.3 52,600 
Summary control 6 tf @& 3.8 14 1.2 220 19.6 112,100 





that fertilized the egg nucleus would not be detected without examining the 
entire progeny of the non-mutant as well as mutant seeds. The mutations 
observed were not complicated by the triple fusion process which forms the 
3N endosperm. 

The data collected in 1949, from gamma radiation, were included with the 
controls since practically all of the pollinations were made from plants re- 
ceiving less than 10 r of radiation per day (table 1). This amount of radiation 
has been shown in later experiments to have no detectable effect on mutation 
rate. In 1949, from plants receiving gamma radiation of 19-30 r per day only 
one su mutation and three ry mutations were observed. Even dosages in this 
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range were ineffective in causing detectable increases in mutation rates in 
1952. The mutation rates for the 1949 material, with only low doses of radia- 
tion, were within the control range as can be seen in table 1. 

Since any conclusions regarding radiation effects can only be interpreted 
in relation to the spontaneous rates, a study of spontaneous mutation rates 
is imperative. At the outset of these studies in 1949 it was assumed that the 
spontaneous mutation rates were so well established (STADLER 1942) that 
controls were hardly necessary. However, upon finding that the rates observed 
after small doses of radiation were close to 100 times greater than those re- 
ported for spontaneous rates, it was evident that something was amiss. Con- 
sequently, a study of spontaneous mutation rates of the male gametophyte 
was initiated. The rates observed are found at the bottom of table 1. It 
should be emphasized that these are rates observed without radiation. They 
are reported as mutations per 10* gametes rather than per 10° gametes as the 
rates for the female gametophyte were reported. The two different rates, when 
calculated on the same basis, appear as follows: 





Mutation x 107 








Male Female Rati 
atio 
gametophyte gametophyte! 
Su > su 140 2 70 
Pr pr 380 11 35 
Sh > sh 120 1 120 
R>r 1960 492 4 





Data of STADLER 1942. 


A study of table 1 shows that the rates for the lower doses of radiation 
merge into the control rates, but in no wise approach the much lower rates 
established for the female gametophyte. 

1951 results. In 1951 a larger source of gamma radiation (145 curies) was 
installed in a new field equipped with better mechanical facilities. For the 
first time injury was noted on the growing corn plants. Plants receiving 670 
r per day were killed in the seedling stage, those receiving 368 r per day 
were so severely injured that they produced no tassels or ears, while those 
receiving 230 r per day showed little external injury although they produced 
ears with very few kernels, and about 40 percent viable pollen. Pollen that 
received 230 r per day produced many mutant kernels. Relatively few pollina- 
tions were made from plants receiving small amounts of radiation; conse- 
quently, it was not possible to plot the number of mutations induced as a 
function of dosage. This deficiency which occurred in the 1951 data, made it 
necessary to repeat the experiment in 1952. 

1952 results. In 1952 the dominant pollen parent used was BNL 130 x 145. 
Both BNL 130 and BNL 145 have the following genetic constitutions: 4 B 
PIC R Pr Sh Wx Su. The two recessive stocks used previously, BNL 2 and 
BNL 3, were utilized. BNL 3, which is recessive for su, was used exclusively 
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to obtain data on the mutation rate of Su— su. The data are summarized 
in table 2. 

In general, the rates paralleled those observed in 1950. A few striking dif- 
ferences appeared. For one thing the mutation rates for comparable amounts 
of radiation were higher in 1950, but the threshold was lower in 1950. In 1950 
there was no increase over the spontaneous mutation rate with doses less than 
10-20 r per day. This threshold was 40 r per day in 1952. 


Coincidence of mutations in endosperm and embryo 


The large majority of the mutations reported herein were endosperm muta- 
tions induced in the pollen parent. A word concerning the mechanism of fer- 
tilization in corn is necessary for a full understanding of the results obtained. 

TABLE 3 


Coincidence of mutations in endosperm (where first observed) and embryo. 








Pollen stock Gene Embcyo Embryo, Total Pescent 
different same same 
BNL 1 Su > su 32 9 41 22 
BNL 1 Pr pr 56 23 79 29 
Pr39*BNL21 Pr-+>pr 63 22 85 26 
Pr 39 Pr> pr 4 2 6 33 
Total Pr > pr 123 47 170 28 
BNL 1 Y>y 27 11 38 29 
Pr 39 > BNL 21 Yoy 37 5 42 12 
Pr 39 Y>y 5 2 7 29 
Total Y>y 69 18 87 21 
BNL 1 Sh > sh 24 12 36 33 
Purdue 22 Sh > sh 8 1 9 11 
Total Sh > sh 32 13 45 29 
Pr 39 > BNL 21 R>r 105 47 152 31 
Pr 39 R>r 14 6 20 30 
Total of 2 male parents 119 52 172 30 
BNL 1 R>r 54 172 226 76 





Two sperm nuclei are present in the mature pollen grain. One of these fuses 
with the egg nucleus giving rise to the zygote, while the other combines with 
the two polar nuclei of the embryo sac to produce the triple fusion nucleus of 
the primary endosperm cell. 

For most of the loci studied, e.g., su, pr, y and sh, a large majority of the 
mutations observed in the endosperm were found not to occur simultaneously 
in the embryo (see table 3, fig. 2). However, in 21 to 30 percent of the cases, 
the mutations affecting the endosperm were also present in the embryo. Two 
mechanisms are possible to explain this phenomenon. The first requires a 
simultaneous mutation in both sperm nuclei at some time between their for- 
mation from the generative cell and fertilization. The second possibility is 
that the mutational event occurred before the division of the generative nucleus 
into the two sperm nuclei. The latter is considered by the author to be the 
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more plausible, due to the rarity of the mutational event, even under radiation. 
It is also considered pertinent that the time between the first meiotic division 
and the division of the generative nucleus is relatively great as compared to 
the time between the division of the generative nucleus and fertilization. 

In the BNL 1 dominant stock, it was found that 76 percent of the r muta- 
tions occurred simultaneously in the endosperm and in the embryo. In this 
stock the RK > r mutation must have occurred sometime before division of the 
generative nucleus. In two other dominant stocks, a mutation pattern similar to 
that found at other loci was observed. Apparently mutations at the FR locus 
occur earlier in ontogeny in some lines than in others. Apparently the genetic 
environment influences the timing of the mutational event. This is not so sur- 
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Figure 2.—Coincidence of mutations in endosperm (where first observed) and in the 


embryo. 


prising in light of McCiintock’s (1951) finding that the time of the muta- 
tional event could be influenced by the number of Activator (dc) loci present 
in the endosperm. The more Ac loci present, the later the mutation occurred. 
It is likewise conceivable that other factors might influence the time of mu- 
tation, and/or that mutations at one locus might be influenced more than 
mutations at other loci. 

Mutations in the female gametophyte. Although this study dealt primarily 
with mutations of the male gametophyte, limited data were also obtained on 
mutations of the female gametophyte. As was pointed out earlier, the female 
gametophyte is comparatively unsatisfactory for mutation-radiation experi- 


ments because of the small number of kernels produced on a limited number 
of plants. In addition, the triple fusion obscures the detection of recessive 
endosperm characters, making it impossible to detect mutations that occur 
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after the first division in the megaspore. The obvious way of comparing mu- 
tation rates for recessive loci in the male and female gametophyte would be 
to study genes involved with seedling characteristics. Such an experiment is 
now underway. 

In the female gametophyte the mutation rate from FR to r is much higher 
than for any other locus studied (table 4). This is understandable if there is 
a tendency in the female gametophyte for mutations from FR to r to occur as 
early there as is in the male gametophyte, since in the female gametophyte 
only those mutations that occur before the first megaspore division can be 
detected by examination of the 3N endosperm. Hence it is not surprising that 
radiation was comparatively ineffective in increasing the number of mutations 
in the female gametophyte, since it had been demonstrated that most of the 
mutations in the male gametophyte occurred after the division of the genera- 
tive nucleus to form the two sperm. 

Simultaneous mutation of linked genes. More than 80 percent of the sh 
mutants, tested in 1952, showed a simultaneous change from Wx to wx (table 
5). The sh kernels were tested for wa by scuffing the mutant kernel with a 
dentist’s drill, and by staining with a dilute iodine solution. 

Considering the possibility that such a phenomenon is the result of a 
chromosomal loss, one has to assume a rather large loss, and one is also 
pressed for an explanation as to why the percentages of simultaneous changes 
are as great for the control material as for the radiated material. Cytological 
studies have not been made for the reason that endosperm characters only 
were involved, but if such simultaneous changes in linked genes were ob- 
servable in seedlings such an analysis could be made. Experiments are being 
planned in this direction. 

Pre-meiotic mutations. Evidence is presented to show that nearly all of the 
mutations reported here occurred between meiosis and pollen shedding. For 
the most part, mutations were distributed at random among the ears which 
were tested. Had the mutations occurred prior to meiosis, one would have 
expected to find an abnormally high proportion of the mutant kernels on a 
few ears, since a sector of a tassel would have been of the recessive type. In 
scoring mutations which occurred in the pollen, it was not possible to detect 
pre-meiotic mutations by clusters of mutant seeds, as can be done in the female 
gametophyte, since the pollen produced by the mutant sector would have been 
mixed and distributed with pollen from other parts of the tassel. 

In searching for pre-meiotic mutations, the numbers of each kind of muta- 
tion occurring on every ear were recorded. Only one definite case of a pre- 
meiotic mutation was found. Another was found which gave all indication 
of being a pre-meiotic mutation, and four questionable cases were found. The 
one sure case involved the waxy gene. Pollinations made on August 1, 1952, 
from a plant receiving 123 r/day, produced progeny possessing 161 wr kernels 
on three ears, or about 20 percent. Pollinations made the following day, pre- 
sumably from the same plant, gave progeny possessing 179 wx kernels on 
five ears. In contrast with the rate of sh mutations for comparable radiations, 
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which was 0.2 percent, there can be little doubt that a pre-meiotic mutation 
was responsible for the majority of wa kernels found in the progeny of pollen 
parents used for fertilization in the two consecutive days. 

Progeny of some (37 of 38) of the waxy kernels involved in the pre-meiotic 
mutation were all of the genotype wa wa except one, which segregated. The 
most logical explanation for the segregating line is that the mutation was 
induced post-meiotically ; however, faulty classification of the original mutant 
kernel is also a possibility. 

Pre-meiotic mutations for waxy can also be tested by examination of the 
pollen grains. A pre-meiotic mutation would result in pollen grains giving 
with iodine a reddish brown stain characteristic of amylopectin, in contrast 
to the blue stain which characterizes the amylose starch of normal Wx grains. 
Unless the mutation had occurred in the pollen grain before it had accumu- 
lated sufficient starch, the grain would have given the normal reaction. 


TABLE 5 


Loss of wx gene in sh mutants. 








Meters r/day sh+ shwx Total sh Percent 
shwx 
4.5 431 11 30 41 73 
5 332 14 76 90 84 
6 226 7 43 50 86 
7 and 8 123-165 12 94 106 89 
9-11 65-97 12 38 50 76 
12-14 40-54 7 41 48 85 
20-21 18.2 7 13 20 65 
28=40 4.5=9.7 5 7 12 58 
Control oe 1 9 10 90 
Total 76 351 427 82 





Preliminary examination of three tassels exposed to 168 r/day in 1953, 
revealed no sure cases of war grains. From 117 anthers examined from all 
parts of the tassel, there were no sectors for wx. Additional tassels are being 
examined. Those examined so far confirm the kernel tests. Pre-meiotic 
mutations either occur rarely or are detected rarely. Also, in this same regard, 
it should be pointed out that this seeming rarity of pre-meiotic mutations does 
not necessarily imply that only very few were induced. It may merely indicate 
that there was a selection against gametes possessing pre-meiotic mutations. 

The other case of a probable pre-meiotic mutation involved the r gene. From 
an ear pollinated with pollen exposed to 226 r/day, 16 r mutations were ob- 
served (about nine percent of the kernels). The remainder of the seven ears 
pollinated at the same time had from one to four mutant kernels each, a nor- 
mal number for this amount of radiation. If this was really a pre-meiotic mu- 
tation, it obviously involved a smaller sector than the one described for wr. 

The questionable cases included one ear with 10 r kernels, one with nine, 
and one with eight. Another ear had four sw mutants. 
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TABLE 6 


Semisterile ears produced by mutant and + seeds. 





Radiation Year . iio , : % semi- 
‘ Normal Semisterile Toral : 
r/day induced " intents sterile 











Mutant seeds 


230 1951 38 56 94 6O 
113 1951 77 69 146 47 
86 1951 12 19 31 61 
54 1951 58 33 91 36 
<20 1950 113 27 140 19 
13 1951 37 4 41 9.8 
1.4=2.9 1951 37 1 38 2.6 
Control 1951 65 3 68 4.4 


Nonmutant seeds 


230 1951 573 141 714 20 

113 1951 365 53 418 13 
31.8 1950 773 68 837 8.1 
10.3=20.2 1950 1146 57 1203 4.7 
1.3=5.1 1950 1386 22 1408 1.6 
-12=.56 1950 1003 6 1009 6 





Semisterile ears. Although no cytological examinations have been made on 
the material reported in this paper, some evidence concerning the cytological 
disturbances can be obtained from a study of the number of semisterile ears 
(those with about 50 percent seed set). It was assumed that the semisterile 
ears resulted from reciprocal translocations. This assumption was based on 
the many reports of workers who have shown that reciprocal translocations 
are the most prevalent cause of semisterility. It has not been possible to ex- 
amine many of the collected semisterile ears cytologically as yet. However, 
Dr. E. J. DoLLINGER, a Public Health Research Fellow in our laboratory, 
has found a number of reciprocal translocations from plants radiated in the 
gamma field, and there is a marked similarity to the material reported here. 
Dr. DoLLINGER’s results are being published separately. 


DISCUSSION 
That a non-linear relationship exists between dose rate of chronic gamma 
radiation and mutation rate of endosperm characters seems to have been well 
established by these experiments. This was shown quite conclusively by dispro- 
portionately higher mutation rates at the higher dosages, and was definitely 
indicated by the fact that there seems to be a threshold of dosage required to 


raise the mutation rate from the spontaneous level to a detectable increase 
over that level. The threshold value was slightly lower in 1950 than in 1952. 
This may have been due to the fact that in 1950 the gamma source operated 
a greater proportion of the time in the morning hours. It has been shown by 
LANCE (1953) in Vicia faba that mitoses were much more frequent during 
morning hours. Also, SPARROW (1951) has shown that dividing chromosomes 
are more sensitive to radiation than resting nuclei in Trillium. Thus, it is 
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conceivable that morning radiation could give rise to higher mutation rates 
with a consequent lower threshold value, such as was observed in 1950. 
These data showing a definite threshold are in contrast to the Drosophila 
data of SPENCER and STERN (1948), where no threshold was indicated even 
when low doses of radiation were used. In their experiments the effects of 
acute radiation were studied. CAsPARI and STERN (1948), studying chronic 


- 


gamma radiation, found no increase over the controls for doses of 2.5 r/day 
for 21 days. However, it was later demonstrated by UpnHorr and STERN 
(1949) that the controls used by CAsPparI and STERN had an abnormally high 
sex linked lethal frequency and that actually there was an effect of the chronic 
gamma radiation of 2.5 r/day. 

One explanation as to why the maize data contrast with the Drosophila 
data is that in the former studies the effects of radiation on the developing 
gametes were involved whereas in the Drosophila experiments the effects of 
radiation upon mature sperm were studied. To clear up this point properly, 
further study of mutation rates vs. low radiation dosages is necessary. 

The subjection of plants to chronic radiation over most of the life cycle 
undoubtedly introduces many variables which have not been encountered here- 
tofore. However, it is known that detectable mutations occur rarely except 
during the period between meiosis and fertilization, a relatively short period 
in the life of the plant. Preliminary data indicate that this effective time period 
is during the week prior to pollen shedding. But such phenomena as changing 
cell populations, gamete selection, and changing environmental conditions 
were rarely if ever met when seeds or pollen were exposed to acute radiation 
over a relatively short time period. Gamete selection is possible when it is 
considered that at the higher dosages of chronic radiation, about 40 percent 
of the pollen produced was normal. Here, selection against badly damaged 
pollen grains could conceivably result in an almost complete fertilization with 
normal pollen. The saturation effect typical of radiation experiments may 
also be explained by such a phenomenon. 

Even though new variables have been introduced by studying mutations 
and mutation rates with chronic radiation, there are many marked advantages 
to be had. Probably the most obvious is that the radiation is present during 
the mutagenically sensitive period of the life cycle, regardless of when this 
period occurs. The importance of this fact needs no elaboration. Second, the 
probability of one mutational event, which if alone might go undetected, to 
be augmented by or to influence other “ minor” events is undoubtedly higher. 
A third factor to be considered is the ease with which high and low dosages 
of radiation can be administered to plants. Also, it has been found feasible to 
grow corn plants satisfactorily in pails, moving them in and out of the radia- 
tion field, making it possible to determine with considerable precision the 
most effective time for radiation. Results of these experiments will be pub- 
lished later. 

It is important to know accurately the spontaneous mutation rates for the 
genetic stock in question before it can be determined whether or not the rate 
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is being increased by radiation. In this work the mutation rates were deter- 
mined only after careful hand pollination of the material used. Consequently, 
it is believed that an accurate rate was determined for spontaneous mutations 
in the male gametophyte. The rates found in the male gametophyte were from 
four (for mutations at the 7 locus) to 120 times greater (for sh mutations) 
than those reported for the female gametophyte by STADLER (1942). It is be- 
lieved that the mutation rates reported in the female gametophyte were de- 
pressed by the triple fusion phenomenon which forms the endosperm. Only 
mutations occurring before the first megaspore division would be detectable 
in the female gametophyte (see text). For this reason, any gene having a 
tendency to mutate early would give a higher spontaneous mutation rate than 
the genes mutating later. Evidence is presented which indicates that muta- 
tions from FR to r in one genetic stock occur at or before the first mitotic di- 
vision in the pollen grain. This is earlier than that of other loci, or of the r 
locus in other genetic stocks. Apparently the genotype influences markedly 
the time when individual genes mutate. 

The evidence pointing to early mutations from kK —r in the BNL 1 stock 
was derived from genetic tests of mutant kernels to determine whether the 
mutations observed in the endosperm were also present in the embryo. When 
BNL 1 pollen was used, some 76% of the r mutations in the endosperm 
proved to be in the embryo also. With two other pollen stocks, Pr 39 and 
Pr 39x BNL 21, the coincidences of r mutations in endosperm and embryo 
were 30 and 31% respectively. When BNL 1 was used, the coincidences for 
su, pr, y and sh were 22, 29, 29 and 33% respectively. These values were 
comparable to figures for coincidences of genes tested in all other genetic 
stocks. (See table 3.) 

The percentage of coincidence of mutations in embryo and endosperm was 
(with exception of the r mutations in BNL 1 stock) about 30%, with varia- 
tions from 22 to 33%. It is interesting to speculate as to why the figures 
were around 30%. One possible explanation occurs. If all the mutations occur 
in the pollen grain, with equal frequency for the first and second mitotic di- 
visions, one would expect a ratio of one mutation with the same genetic con- 
stitution in the embryo and endosperm, to two with a different genotype. This 
would be true because only half of the mutations occurring at the first di- 
vision would show up in the generative nucleus; the other half would enter 
the tube nucleus and would go undetected. However, mutations occurring at 
the second division (of the generative nucleus) would be present in both 
sperm. Thus of the detectable mutations, there should have been twice as many 
whose embryos and endosperm were genetically different as compared with 
those that were the same. 

The only radical departure from this ratio was the case of the R > r muta- 
tions in BNL 1. Here the mutations must have been produced early and 
would have occurred at any time between meiosis and the second division in 


the pollen grain. At first it seemed surprising that such a difference could 
exist in time of mutation. However, in light of McCiintock’s (1951) recent 
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work it is not surprising. She found that different doses of Ac in the nucleus 
could alter vastly the time of * mutation” of a number of loci, the more Ac 
factors present the later the occurrence of the mutational event. 

Chromosomal alterations undoubtedly are interconnected with the results 
reported. The most obvious indication of this was the recovery of many semi- 
sterile ears. It has long been known that semisterility is caused by reciprocal 
translocations. No cytological examinations have been made, but semisterility 
increased with dosage, and semisterile ears were more numerous in the progeny 
of mutant kernels than from non-mutant kernels. 

Other evidence of chromosomal alteration can be seen in table 5. As a rule, 
mutations of the wa locus accompanied the mutation of the sh locus. Both 
sh and wax are on chromosome 9 linked 21 crossover units apart, with wr 
nearer the centromere. The simultaneous change of wx and sh can be inter- 
preted as the loss of a considerable portion of the short arm of chromosome 
9, although other explanations involving complications of gene action are 
plausible. The controls showed similar simultaneous changes of wa and sh. 
No perceptible differences have been noted between the changes which oc- 
curred spontaneously and those which were induced. It is not clear why, among 
the spontaneous mutations, there should occur such a high frequency of 
simultaneous changes to wa and sh. It is possible that in the male gameto- 
phyte spontaneous mutations may originate as a result of the loss of a portion 
of chromosome. Or, it is possible that other explanations regarding various 
aspects of gene action may apply. 
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SUMMARY 


6° source was used to study mutation 


1. Chronic gamma radiation from a Co 
rates principally in the male gametophyte in maize. 

2. The term mutation is used in its broadest sense to denote any genetic 
change. Mutations were detected by the phenotypic expression of recessive 
endosperm characters on ears largely of the dominant type. The mutations 
studied undoubtedly included many that were due to chromosomal alterations 
of various sorts. 

3. Mutation rates, as affected by radiation, were compared with control rates. 
The endosperm characters studied most intensively were Su, Pr, Sh and R. 
Other factors studied were Y and lx. 
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4. There was a nonlinear relationship between mutation rate and dose rate 
in r/day, with a disproportionate increase as higher doses of radiation were 
employed. This indicates the necessity of more than one ionization to produce 
a detectable event. 

5. Evidence is presented to show that for most genes, mutations observed 
in the endosperm occurred also in the embryo in approximately 14 of the 
cases. This was interpreted to mean that the detectable mutations for the most 
part occurred at or after the division of the generative nucleus. The only ex- 
ception to this was the case of the Rr mutations in BNL 1 where 76% of 
the mutations observed in the endosperm were found to occur also in the em- 
bryo. The most logical explanation of this was a mutation at an earlier time, 
before the second mitotic division in the pollen grain. In two other pollen stocks 
the coincidence of RK > r mutations in embryo and endosperm were compara- 
ble to mutations for other endosperm characters. 

6. Most of the mutations reported here occurred after meiosis. Pre-metotic 
mutations occur rarely, much less than 1% of the total number. 

7. The waxy gene is useful for the detection of pre-meiotic mutations, since 
mutants can be observed in the gametes directly by staining pollen grains with 
a weak iodine solution. A pre-meiotic mutation from ’x—> wr gives the 
reddish brown stain characteristic of wa grains. Mutations produced in ma- 
ture pollen grains, filled with normal amylose starch produce a blue stain 
with iodine. 

8. Chronic, or continuous, gamma radiation has provided a new tool, not 
only for producing mutations, but for obtaining information concerning the 
time at which mutational events occur. Possible future experiments designed 
to reveal information pertinent to the life cycle of the corn plant, as well as 
information regarding the nature of mutations, were discussed. 
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N Neurospora crassa, as in other ascomycetes with a spreading type of 

growth, it has been necessary to obtain genetic data by the laborious method 
of isolating single ascospores in test tubes, and, in the case of biochemical 
mutants, transferring each of the cultures thus obtained to various media in 
order to characterize it (BEADLE 1945). The discovery that sorbose and cer- 
tain other agents will induce a colonial rather than a spreading growth habit 
(Tatum, Barratt and Cuttrer 1949) suggested the possibility of obtaining 
large amounts of genetic data by plating ascospores on appropriate media. 

This approach has been used to develop simple and rapid techniques for 
identifying alleles, detecting linkage, and determining approximate map dis- 
tances. This paper describes these methods, their limitations, and their appli- 
cation in the analysis of several tryptophanless strains. 


MATERIALS AND METHODS 


Crosses were made on slants of synthetic crossing medium (WESTERGAARD 
and MitcHELL 1947) and incubated at 25°C for about two months in order to 
insure maximum ascospore germination. After this period the crosses were 
stored at 5° until use. 

Ascospores were swabbed from the wall of the cross tube or obtained from 
crushed perithecia, and transferred to a small dish under a dissecting micro- 
scope. The spores were freed as much as possible from conidia and perithecial 
debris by repeatedly suspending in distilled water, letting the heavier material 
settle out, and pipetting off the supernatant fluid. The spores were then sus- 
pended in 5 to 10 ml of 0.1 percent agar; this remains liquid at room tem- 
perature but is viscous enough to prevent the spores from settling out while 
samples are being removed. The spore concentration was determined by counts 
in measured drops. The suspension was then heat activated by incubating at 
approximately 60° for 30 to 45 minutes, in order to induce ascospore germi- 
nation and kill conidial contaminants, and aliquots were plated immediately 
thereafter. 

The medium used was the standard Neurospora minimal (BEADLE and 
Tatum 1945), solidified with 1.5 percent agar, but containing only 0.1 percent 
sucrose, since the induction of colonial growth depends on a low sucrose/sor- 
bose ratio (Tatum et al. 1949). Sorbose was either incorporated into the 
medium or added in an agar layer on top of it, in sufficient amount to give a 


1 Supported in part by a grant from the Nutrition Foundation, Inc. 
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final concentration of 1 percent. (It was found that sorbose media cannot be 
autoclaved repeatedly, or kept liquid at 45° for more than a few hours, without 
considerable loss of sorbose activity.) Supplemental growth factors were added 
in the same manner as sorbose to give final concentrations as follows: an- 
thranilic acid, 10 y/ml; indole, 12 y/ml; inositol, 1 y/ml; Ca pantothenate, 1 
y/ml; DL-tryptophan, 50 to 60 y/ml; L- or pL-leucine, 10 to 100 y/ml (50 
y/ml was approximately optimal); adenine sulfate, 50 to 200 y/ml; pyri- 
doxine hydrochloride, 0.5 y/ml; nicotinamide, 1 y/ml. 

The tryptophanless strains used can be divided into four groups according 
to the compounds they are known to utilize for growth, as follows: 


1. Tryptophanless sensu strictu. Can use only tryptophan. 
2. Indoleless. Can use either indole or tryptophan. 
3. Anthranilicless. Can use anthranilic acid, indole, tryptophan, or kynure- 


nine. 

4. Nicotinic or tryptophan requiring (abbreviated nt). Grows well on nico- 
tinic acid; amount of growth on tryptophan, phenylalanine, tyrosine, or 
tryptophan precursors depends on modifiers. 


Mutant strains used in the linkage experiments are described in table 1, 
which gives the isolation numbers of the alleles used at each locus, as well as 
their centromere distances and linkage groups. 


EXPERIMENTAL 
Allelism tests 


Procedure. In a cross between two non-allelic biochemical mutants, one- 
half of the recombinants are wild type; therefore one can test for allelism by 
examining the progeny for wild type segregants. For routine tests, enough 

TABLE 1 
Mutants used in linkage experiments. 

All centromere distances are taken from the compilation of data from many 

sources in BARRATT et al. (1954), and are uncorrected for multiple crossovers. 


The numbering system for linkage groups and loci, and the evidence for location of 
the markers in the linkage groups shown, are documented in the same compilation. 




















, Isolation Linkage Centromere 
Locus Requirement number group distance 
tryp-1 Tryptophan 10575 Ill 20.3 
leu-1 Leucine 33757 Ill 10.0 
tryp-4 Tryptophan Y2198 iv? 26.3 
pan Pantothenic acid 5531 IV 27.8 
pdx-1 Pyridoxine 37803 IV 9.0 
cholel Choline 34486 IV 23.8 
inos Inositol 37401 Vv 26.2 
tryp-2 Tryptophan 75001 } VI* 12.7 

45302 ; 

rib-] Riboflavin 51602 VI 3.4 
ad-] Adenine 3254 VI 0.9 





*Based on data given later in this paper. 
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heat activated spore suspension to yield about 1000 spores per plate was mixed 
with minimal agar medium containing sorbose, and the mixture poured into 
plates. As a control on viability, a few of the plates were layered with supple- 
mented agar; a similar unsupplemented agar layer was added to the remaining 
plates. [Routinely, about 25 ml of sorbose minimal and about 5 ml of layering 
medium were used per plate; the layering medium was water-agar with sup- 
plement (where present) added in six times the desired final concentration. 
Two or three supplemented and up to 20 unsupplemented plates were used 
for each cross.| Minimum viable counts were obtained from the supplemented 
plates at 48 hours. The unsupplemented plates were examined for wild type 
colonies at both 48 and 72 hours to insure that rare wild type segregants 
would be detected. 

Results —1. Anthranilicless strains. Eight of these, isolation numbers 35420, 
44008, 45302, 45304, 46405, 47317, 66110 and 75001, were tested by this tech- 
nique. [44008 was mentioned by MitcHELt and Nyc (1948) as a nicotinic or 
tryptophan requiring mutant, but later, by HOULAHAN et al. (1949), as trypto- 
phanless (not distinguished from anthranilicless). Our strain is a typical 
anthranilicless mutant, and does not grow on nicotinic acid.] Each test in- 
volved a cross of 45302 with one of the other strains. Although 4500 to 10,000 
viable spores were screened in each case, no wild type colonies were detected 
in any of the crosses. Results of a typical experiment were as follows: 

45302 x 66110; approximately 900 spores per plate; 3 plates supplemented 
with anthranilic acid contained an average of 489 colonies per plate; 17 un- 
supplemented plates contained no wild type colonies. 17 x 489 = 8313 viable 
spores screened with no wild types. 

There were, however, many very tiny colonies on the unsupplemented plates. 
Such micro-colonies were also found in many other experiments involving mu- 
tants which, like all the anthranilicless strains tested, grow slightly on mini- 
mal medium. In all allelism tests where any doubt existed as to their nature, 
representative micro-colonies were isolated and tested. None was ever found 
to be wild type. All results have therefore been based solely on the number of 
macro-colonies. 

To determine whether rare wild type spores would actually form macro- 
colonies under these conditions, a few spores from a cross of Y2198 x wild 
type strain SY7A (called “ A” spores), 50 percent of which should be wild 
type, were added to minimal medium, which was then divided and plated, 
with and without the addition of a large number of spores from a cross of 
two anthranilicless strains, 45302 x 75001 (“B” spores). A parallel experi- 
ment, using only B spores, was run as a control. The results, given in table 2, 
show clearly that the presence of many mutant spores does not prevent the 
rare wild types from producing colonies. 

It is concluded that all eight strains tested by the plating method are either 


allelic or very closely linked. This conclusion is in harmony with the results 
of previous tests (NEWMEYER 1951) on 22 other anthranilicless strains, num- 
bers 34547, 36607, 37907, 39115, 39701, 39801, 40008, 44020, 44707, 45217, 
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TABLE 2 
Control on allelism tests. 


A = spores from SY7A x Y2198, 50% of which should be wild type. 
B = spores from 45302 X 75001 (allelic anthranilicless strains). 





No. of spores 








c Average 
inoculated Number 
per plate Supplement of <a of 
places colonies 
A B per plate 
24 0 None 4 3.0 
24 1200 None 4 4.2 
24 1200 Anthranilic 1 632. 
0 1200 None 4 0. 
0 1200 Anthranilic 2 622. 





45303-1, 46109, 46404, 46406, 47203, 48009, 48613, 48614, 65205, 65612, 
75102, and 80801, all of which were shown to be allelic or very closely linked 
with each other (and also with the strains tested by the plating method) by 
the isolation of crushed perithecia or masses of spores in test tubes. [Controls 
on four of these crosses showed that the anthranilicless spores did not prevent 
growth of added wild types. | 

2. nt strain 65001. From the growth requirements of this strain, it seemed 
possible that it might be allelic with one of the anthranilicless or indoleless 
mutants, even though these cannot use nicotinic acid. 65001 was therefore 
tested for allelism with 75001, Y2198, and 10575 by means of the plating 
method. Many wild type colonies were obtained in each case, indicating that 
65001 is not allelic with any of the mutants tested. The results of a typical 
experiment were as follows: 

65001 x 10575; approximately 600 spores per plate; 2 plates supplemented 
with indole contained an average of 183 colonies per plate; 2 unsupplemented 
plates contained an average of 87 colonies. (The low figure on the indole 
plates is to be expected from the fact that many 65001 isolates grow very 
slowly on indole (NEWMEYER and Tatum 1953) and therefore fail to pro- 
duce macro-colonies in the presence of sorbose.) 

3. Other crosses. The remaining combinations tested by the plating method 
gave the results shown in table 3, indicating that each pair of genes is at least 
very closely linked. Three wild type colonies were found. On microscopic 

TABLE 3 





Results of additional allelism tests. 





Number of Number of 














—— Phenotypic Suppleusne viable wild type 
class spores colonies 
screened found 
C8g3 x $1952 Tryptophanless Tryptophan 6300 0 
sensu strictu 
C86 x 65001 nt Nicotinamide 6180 1* +1? 
Y¥2198 x Y16331 Indoleless Indole 660 1° 





*These two colonies were seen to have arisen from ascospores. 
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examination, two of these were clearly seen to have arisen from ascospores, 
and consequently were not due to conidial contamination. (On sorbose plates 
the ascospore is visible in the center of many but not all of the colonies; 
therefore the third wild type cannot be definitely excluded as a contaminant. ) 
Isolating and retesting the first two colonies confirmed that both were really 
wild type. The cross Y2198 x Y16331 has also produced two other wild types 
out of an estimated 662 spores screened by other methods. Reversion has 
not been eliminated in any of these cases. 

Tests by other methods had established the non-identity of 10575 and 
Y2198, 10575 and 75001, and Y2198 and 75001 (NEwMeEyER 1951). Tests of 
C83 with the other mutants were rendered unnecessary by YANOFSKy’s 
(1952) finding that it was located in a different linkage group. 

4. Summary. The 37 strains studied represent mutations at only five clearly 
different genetic loci. These have been designated as follows (BARRATT, 
NEW MEYER, PERKINS and GARNJossT 1954): 

tryp-1 (indoleless )—10575. 

tryp-2 (anthranilicless )—all 30 strains studied. 

tryp-3 (tryptophanless )—C83 and $1952. 

tryp-4 (indoleless )—Y2198 and Y16331. 

nt (nicotinic or tryptophan requiring )—65001 and C86. 


Determination of linkage 


For linkage determinations, the principle is the same as in the allelism tests. 
The procedure has been modified, however, in order to obtain a more accurate 
estimate of the frequency of recombinant spores. In addition, a multiply 
marked tester stock makes it possible to use the method for testing linkage 
with markers on three different linkage groups at once. 

Procedure. The method was developed chiefly by use of a cross of tryp-1 x 
leu-1, both known to be in the same arm of linkage group III (HUNGATE 
1946). Preliminary tests suggested that sorbose was somewhat toxic. In sev- 
eral experiments in which spores were spread on the surface of adequately 
supplemented sorbose media, only 35 to 60 percent of them gave rise to 
colonies, although in one case examination showed that most of the spores 
had germinated. In the tryptophan x leucine cross, this low viability did not 
seem to affect the linkage results. In two experiments in which spores were 
plated onto sorbose media, this cross gave 12.2 and 11.8 percent recombina- 
tion, as compared with 10.3 units calculated from the difference in the 
centromere distances. (See below for method of calculating recombination 
frequencies in plating experiments.) However, if in other crosses this toxicity 
were greater for one genotype than another, it could cause incorrect estimates 
of the ratio of wild type to mutant spores. 


After some trials, it was found that the toxicity could be largely eliminated 
by delaying the addition of sorbose until after the initiation of growth. The 
spores were mixed with minimal agar medium, plated, layered with supple- 
mented or unsupplemented agar, and incubated for a specified period before 
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layering with sorbose. (This will be called preincubation.) The preincubation 
periods were measured from the time the spore suspension was removed from 
the 60° bath. Both the minimal and the sorbose agar were pipetted, in order 
to minimize variations in the number of spores per plate and in the sorbose 
concentration. Two standard timings were adopted: 

Timing 1. Nine hours preincubation at 30°. With the tryptophan x leucine 
cross this gave 82.5 percent viability and 15.0 percent recombination. 


° 


Timing 2. Preincubation for three to four hours at 5°, followed by 11 to 
12 hours at 30°, before addition of sorbose. With the same cross this gave 
94.6 percent viability and 12.8 percent recombination. 

In the crosses used in later experiments, viability was never as good as 
with the tryptophan x leucine cross, probably because of a lower inherent 
ability of the spores to germinate; but in all cases tested the preincubation 
method gave decidedly higher viability than was obtained when sorbose was 
present at the start. 

Accurate timing is important. Whereas only five hours preincubation gives 
approximately maximum viability of the wild types, slightly more than 9 
hours is necessary for maximum viability of the mutants. Therefore the use 
of less than 9 hours gives distinctly erroneous linkage values. More than 9 
hours preincubation produces colonies too large to count accurately ; however, 
the exposure to 5° before preincubation at 30° (Timing 2 above) gives the 
desired increase in viability without increasing the colony size, and therefore 
was used whenever possible. 

A few precautions should be mentioned : 

1. Using the preincubation method, 100 colonies per plate can be counted 
accurately at 48 hours after heat shock. However, the colonies so produced 
are large and branching, tending to resemble strings of beads, so that 
care must be taken not to mistake a single colony for a cluster of smaller ones. 

2. It is advisable to count colonies at 48 hours, even though a longer period 
gives a slightly increased viable count. As in the allelism tests, micro-colonies 
of mutants growing slowly in the absence of supplement were produced in 
several crosses; these are most easily distinguished from the wild type at 48 
hours. The results reported here are based solely on the large initial colonies. 

3. Adequate concentrations of growth factors are essential in order for geno- 
types utilizing the supplement to give clear-cut large initial colonies. 

Example. The experiment with the tryp-1 x leu-1 cross, using Timing 2, will 
serve to illustrate the procedure and the method of calculation. Each plate 
received 25 ml of minimal agar medium containing approximately 149 spores, 
followed by a 5 ml layer of supplemented or unsupplemented agar ; after pre- 
incubation at 5° and then at 30°, a 5-ml layer of sorbose agar was added. 
(All layering media contained 7 times the desired final concentration.) Incu- 
bation was continued at 30° and the colonies counted two days after plating. 

Results are given in table 4. The genotype symbols, in this and the other 
linkage experiments, refer to all genotypes carrying the specified alleles, re- 
gardless of the alleles at unspecified loci. For example, in table 4, tryp*+ means 
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both tryp*+ genotypes (trypt leu* and tryp* leu—), since both types will 
produce colonies on plates supplemented with leucine. In calculations, the geno- 
type symbols will be used to represent the observed number of colonies of 
that genotype, e.g., tryp* will mean “ the observed number of tryp* colonies.” 
The number of recombinants is then given by 2x tryp* leu+. The total 
viable count is given by 2x tryp* or 2xJleu+ or the average of the two, i.e., 
tryp* plus leu*. In the latter process, one is effectively counting each parental 
class once, the wild types twice, and the double mutants not at all. [The total 
viable count could also be obtained directly from plates containing both trypto- 
phan and leucine. In most experiments, however, this gave a slightly lower 
value than that calculated from the singly supplemented plates. This result 
was ascribed partly to reduced viability of the double mutants, and partly to 
an inhibition of growth by the larger number of colonies on the doubly sup- 
plemented plates (see later). The value calculated from singly supplemented 
plates was therefore considered more accurate, and was used whenever 
possible.| For the present cross, linkage can be calculated either by: 


tryp* leu* x. 100 9 x 100 ae 
= = 13.4% recombination, 








leu* 67 
tryp* leu* x 100 9% 100 ae 
or = = 12.2% recombination, 
tryp 74 


or the average of the two, 


2x tryp* leu x 100 2x9x 100 i 
" x = 12.8% recombination. 
tryp* + leu 74 + 67 





In addition to the high viability (94.6 percent in this experiment), the ap- 
proximately equal numbers of colonies on the tryptophan plates and the leu- 
cine plates indicate that there is no great difference in viability between the 
two single mutant types. 

Results. The plating method has been used to determine the approximate 
locations of tryp-2 (using strain 45302) and tryp-4 (using strain Y2198). 
Each was crossed to two stocks: 

1. Jeu-1, in linkage group III. 

2. A multiply marked stock (GILEs and LEDERBERG #25), containing pan, 
inos, and rib-1, in groups IV, V and VI respectively. 

The results of the cross tryp-2 x leu-1 are shown in table 4, and give 51.4 
percent recombination. Two similar experiments with the cross tryp-4 x leu-1 
gave 54.5 and 51.7 percent recombination. Thus neither mutant shows linkage 
with leu-1. 

In the crosses with the multiple stock, recombination was determined en- 
tirely within the rib+ category, since preliminary tests showed that many 
rib~ spores failed to produce colonies in the presence of sorbose, even though 


riboflavin was present. 








TABLE 4 
Sample data obtained by plating. 





Proportion of Number of 
viable spores colonies 
expected to observed 
form colonies per plate 


Types ex- 
Supplement pected to 
form colonies * 








Example A ee All All 128! 
Showing Linkage and leucine 
tryp-1 X leus1 Tryptophan leu* 1/2 673 
: + 
(Approximately 149 Leucine tryp 1/2 741 
spores per plate) None tryp* leu* 1/4 if not 9** 
linked; less 
if linked 
E le B 
Pn ty: hh Anthranilic$ leu* 1/2 534 
acid 
t = = 
oo eee Sees Leucine tryp* 1/2 52! 
(Approximately 153 3 ea . 
None tryp leu 1/4 if not 273 
spores per plate) lished: feos 
if linked 





*Symbols refer to all genotypes carrying the specified alleles, regardless of 
the alleles at unspecified loci; e.g., tryp means both tryp’ leu and tryp leu . 
tAverage of 3 plates. 
**Average of 6 plates. 
§ Anthranilic acid was substituted for tryptophan in this experiment. 


TABLE 5 
Location of tryp-2 by plating. 
tryp- ~2(45302) X rib-] inos pan. Approximately 373 spores per plate. 











‘Proportion of Number of 
Types viable spores colonies oO 
Supplements which should expected to shaaiend onclusion 
form colonies* : 

form colonies per plate} 
Inositol . 
Anthranilic** rib 1/2 110.3 
Pantothenate 
Inositol me + 
Anthranilic } 7 1/4 62.3 
a A eM 1/4 64.7 >t 
Inositol m, . + 1/4; less if tryp is . 
5 Or linked to rib ae Linked 
Anthranilic rib* inos* pan* 1/8 29.7 
Pantothenate rib* tryp* inos* 1/8; less if tryp is 14.0, Linked 

linked to rib or inos 

Inositol rib* tryp* pan* 1/8; less if tryp is At.7 Linked 


linked to rib or pan 





**Anthranilic acid was substituted for tryptophan in this experiment. 
*E.g., rib” means all genotypes containing the rib* allele, regardless of whether 
they contain the mutant or wild type alleles of inos, tryp and pan. 
tAverage of 3 plates. 
tBrace encloses numbers which should be approximately equal in the absence 
of linkage. 
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Location of tryp-2. The results of one experiment with the cross tryp-2 x 
the multiple stock are shown in table 5; a second experiment gave similar 
results. Since it is known that rib, inos, and pan are in three separate link- 
age groups, any reduction in the proportion of colonies of a given type, from 
that expected on the basis of independent segregation, should be due to link- 
age of the unknown, tryp, with one of these markers. The comparison is most 
readily made between classes which would be expected with equal frequency in 
the absence of linkage; these are bracketed in the table. In the present experi- 
ment, the fact that rib+ tryp* colonies are much less frequent than rib*+ inos+ 
or rib*+ pan* indicates that tryp is linked to rib, and is therefore in linkage 
group VI. This is confirmed by the fact that both the rib*+ tryp* pan* and 
the rib* tryp* inos* colonies are much less frequent than the rib* inost 
pan*. Had there been a deficit in only the rib*+ tryp*+ pan* colonies, it would 
have indicated linkage with pan; similarly a deficit in only the ribt+ tryp* 
inos* colonies would have indicated linkage with inos. An approximately equal 
deficit in both types indicates that linkage is probably with the common fac- 
tor, i.e., rib. 

Approximate linkage values for rib and tryp can be calculated in various 
ways: 


rib* tryp* pan* x 100 





18.8% recombination 
+ + 
rib’ pan 


rib* tryp* inos* x 100 





: = 21.7% recombination 
rib’ inos 
rib* tryp* x 100 
rib* 
Linkage may also be calculated on the basis of the singly supplemented plates 


alone, since the number of ribt+ inost+ or rib+ pan+ colonies should equal 
twice the number of rib+ inos+ pan+ colonies. Thus: 





= 18.4% recombination 


rib* tryp* inos* x 100 





= 23.6% recombination 
es + 
2 x rib" inos* pan 


rib* tryp* pan* x 100 





= 19.7% recombination 
= Se + 
2 x rib’ inos’ pan 


It is therefore possible to determine the linkage group by the use of only 
three different media (the singly supplemented ones) ; the others simply pro- 
vide a check on the validity of the method, which is attested by the fact that 
all five estimates fall between 18.4 and 23.6 percent recombination. 

The location of tryp-2 in linkage group VI was confirmed by plating spores 
from a cross of tryp-2 (45302) x ad-1, which gave 17.6 percent recombination. 
For final confirmation, 22 asci from the cross tryp-2 (75001) x ad-1 were iso- 
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lated in order. Fifteen of these gave first-division segregation for both mutants, 
and no recombinant progeny ; one gave first-division segregation for both, and 
only recombinant progeny ; five gave first-division segregation for ad, second 
for tryp, and one-half parental, one-half recombinant progeny. Calculations 
from these data give 16.7 percent recombination. [The 22nd ascus gave an aber- 
rant 6*, 2— segregation for tryp, although it segregated normally (4+, 4—) 
for ad. (The other 21 asci all gave 4+, 4~ segregations for tryp, as did 19 
additional asci reported by HOULAHAN et al. (1949).) In view of the allelism 
data, the 6: 2 ascus has tentatively been classified as due to a reversion or sup- 
pressor mutation, rather than as evidence that the tryp(75001) phenotype 
depends on two closely-linked genes. The cultures are available for testing. | 

Location of tryp-4. Results of one experiment with the cross tryp-4 (Y2198) 
x the multiple stock are shown in table 6. In this case the unknown, tryp, is 
linked to pan, and is therefore in linkage group IV. (The slight deficit in the 
number of rib+ tryp* colonies does not seem to be significant.) Calculation 
of linkage gives: 


rib* tryp* pan* x 100 





; : = 10.7% recombination 
rib’ tryp 


rib* tryp* pan* x 100 





= 9,1% recombination. 
me + 
rib’ pan 


Calculations based on singly supplemented plates alone give: 


rib* tryp* pan* x 100 





= 11.0% recombination 
ae: 
2 x rib" inos” pan 


A second experiment (at 35°) based on singly supplemented plates only, gave 
15.5 percent recombination. 

Location of tryp-4 in linkage group IV was confirmed by plating spores 
from a cross of tryp-4 (Y2198) x pdx-1 (known to be in the same arm as 
pan), which gave 16.0 percent recombination, suggesting that tryp is located 
between pd. and pan. Its location was determined more exactly by serial iso- 
lations from a cross of pan by a stock containing both tryp-4 (Y2198) and 
chol-1 (also in the same arm). The data (published in detail in Barratt et al. 
(1954) ) give 9.7 percent recombination between tryp and pan, 8.1 percent be- 
tween fryp and chol, and 1.6 percent between chol and pan. The order of the 
centromere distances and the patterns of segregation in individual asci indi- 
cate that tryp is probably closest to centromere and pan farthest away. 

Location of other tryptophan mutants. tryp-1, in linkage group III, and 
tryp-3 in group II, have previously been mapped by HunGATE (1946) and 
YANOFSKY (1952) respectively. nt has recently been located in Group VII 
(REISNER, BARRATT and NEwWMEYER 1954). All five tryptophan loci are thus 
in separate linkage groups. 
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Limitations of method. While the plating method has proved very useful 
in determining the approximate location of mutant loci, it does not appear to 
be satisfactory for obtaining precise linkage data. Several platings of a cross 
of tryp-4 (Y¥2198) x pan, which were intended to provide accurate data by 
using large numbers of spores, gave recombination values varying from 12.8 
to 24.2 percent by 48-hour counts, and the results of later counts varied even 
more. The observed recombination value appears to depend on the population 
density, with crowding increasing the number of “ wild type” colonies and 
decreasing the total viable count. (Somewhat the reverse effect has been 

TABLE 6 
Location of tryp-4 by plating. 
tryp-4 (Y2198) X rib-1 inos pan. Approximately 325 spores per plate. 











Proportion of Number of 
Types viable spores colonies , 
Supplements which should - b d Conclusion 
form colonies* gs el aye 

form colonies per plate} 
Inositol ‘ 
Indole** rib 1/2 110.7 
Pantothenate 
=" rib* pan’ 1/4 65.7 
ial rib* inos* 1/4 61.7 >t 
Inositol ~ + 1/4; less if tryp is ‘ 
es A rib’ tryp linked to rib 56.3 Not linked 
Indole rib* inos* pan* 1/8 27.3 
Pantothenate rib* tryp* inos* 1/8; less if tryp is 26.3 4 Not linked 

linked to rib or inos 

Inositol rib* tryp* pan* 1/8; less if tryp is 6.0 Linked 


linked to rib or pan 





**Indole was substituted for tryptophan in this experiment. 

Other footnotes as in table 5. 
found by other workers in experiments involving bacteria and Neurospora 
conidia (RyAN 1953).) 

It is possible that the results of other crosses might not be affected by the 
population density, or that for a given cross the density giving correct results 
might be determined. Even so, several other sources of error would all have 
to be eliminated for each cross used, if exact values were to be obtained: 

1. Differential germination without heat shock during the ripening period 
would have to be excluded. 

2. Numerous factors (e.g., adaptation, storage of growth factors in the asco- 
spore) can cause growth of mutants on unsupplemented media, and, if extreme, 
could result in spurious macro-colonies. Most of these factors can be ruled 
out by isolating and testing representative colonies, but it is doubtful whether 


heterocaryon formation could be excluded in this way. 
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3. Segregants which grow very slowly regardless of supplement will form 
micro-colonies on all media, regardless of their genotypes with respect to the 
characters being studied. Crosses involving the multiply marked stock pro- 
duced many such micro-colonies. They were distributed sufficiently at random 
that ignoring them did not prevent correct assignment of genes to linkage 
groups; but for precise linkage data the results obviously could not be trusted. 

It is possible that for many crosses all these sources of error could be ex- 
cluded; but the labor involved would probably be so great that the plating 
method would no longer have any advantage over conventional methods of 
analysis. For approximate linkage tests, on the other hand, all of these factors 
can be largely ignored, since the results will be confirmed by ascospore iso- 
lations. For allelism tests the various sources of error either do not apply or 
can be easily evaluated, since only a yes or no answer is required. Therefore, 
for determining approximate linkage relationships and for testing allelism, 
the plating method remains a. highly labor-saving device. 

The plating method has one additional limitation, in that there are a few 
biochemical mutants which are not well suited to it. Thus, rib-1 and ad-1 give 
few macro-colonies even on adequately supplemented plates, probably be- 
cause they do not germinate and/or grow fast enough. A maximum of one such 
mutant per cross may be used, however, by working solely in the rib+ (or 
ad*+) half of the population. On the other hand, a few strains (for example 
thi-3 (18558) grow so much on minimal that it would probably be imprac- 
tical to try to.distinguish between mutant and wild type colonies, even for 
approximate mapping. 

DISCUSSION 
Allelism tests 


The procedure used for testing allelism gives a somewhat less exact esti- 
mate of the wild type frequency than does the method used for determining 
linkage relations, but has the advantage that many more spores can be 
screened per plate. Similarly, pouring rather than pipetting the medium into 
the plates, although less accurate, minimizes the chance of contamination, 
which has more serious consequences in allelism tests than in linkage experi- 
ments. For more precise testing, e.g., in studying compound loci, it may be 
desirable to use a modification of the linkage method, making suitable dilutions 
in order to obtain accurate counts on the supplemented plates. 

MITCHELL, PITTENGER and MITCHELL (1952) have described a different 
plating method for testing allelism, which does not depend on the use of sorb- 
ose or other agents for the restriction of growth. Instead, ascospores are 
screened for wild types by microscopic examination, according to the length 
of the hyphae produced in the first 12 to 20 hours of growth on minimal 
medium. The sorbose method would seem to have a considerable advantage 
over this procedure, in that a large number of plates can be screened rapidly 
with the unaided eye. Microscopic examination of germinating spores should 
be superior, however, for the study of “ pseudo wild types ” (MITCHELL et al. 
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1952), and also for the rare case in which many wild type colonies are formed 
by heterocaryosis even though the genes are closely linked. (In routine allel- 
ism tests by the sorbose method, no attempt has been made to exclude hetero- 
caryosis, because the biochemical difference required for the formation of a 
phenotypically wild heterocaryon is in itself generally considered as evidence 
of non-allelism. However, for studies designed to test this generalization, it 
would be necessary to establish non-allelism purely on the basis of crossing 
over. ) 

Testing for allelism by either plating method is subject to the criticism that 
there may be a suppression of wild type growth by the many mutant asco- 
spores, analogous to the crowding effect found for bacteria and Neurospora 
conidia by RYAN, GricG and others (see RYAN 1953 for review). The con- 
trols on anthranilicless x anthranilicless crosses gave no evidence that such a 
phenomenon occurs with ascospores at the population density used; no other 
such tests with ascospores have been reported. (The limited evidence from the 
linkage experiments, suggesting enhancement rather than suppression of wild 
type growth, is not critical, since heterocaryon formation and cross feeding 
have not been excluded.) In the experiments with mutants other than the 
anthranilicless ones, whenever two genes were indicated to be alleles, this con- 
clusion has been supported by the fact that both show similar linkage relations 
(REISNER et al. 1954; NEWMEYER 1951; YANoFsky 1952). However, crowd- 
ing effects might vary with the genotype of the mutants, as recently empha- 
sized by Jinks (1952), so that in the future it would be wiser to run a control 
on each pair of mutants tested. 

Linkage tests 

Practical considerations. The repeated platings (and, in the crosses involv- 
ing the multiple stock, the numerous media) used in the exploratory experi- 
ments reported here were included only to assess the validity of the method, 
and should be quite unnecessary for future work. With the aid of a second 
multiple stock covering the remaining three linkage groups, a total of two to 
four platings, involving three media each, should be ample to locate most 
mutants to the limit of accuracy of the method. A single cross by ascospore 
isolations should then confirm the location and provide accurate linkage data. 

Possible extensions of the method. Attempts to apply the plating method 
to a visible mutant, albino-2(15300), by spreading the ascospores on the sur- 
face of the media, were unsatisfactory, since many colonies conidiated and 
produced secondary colonies before others had conidiated sufficiently to score. 
Whether other visible mutant types could he scored in the presence of sorbose 
has not been tested. 

The extension of the plating method to the coupling phase has been con- 
sidered by CATCHESIDE (1951), who (in discussing the possibility of develop- 
ing such a method) derives a formula for combining data from both linkage 
phases, in order to correct for viability differences. Unfortunately it appears 
to be of limited usefulness, for Neurospora at least, because of the difficulty 


of obtaining accurate recombination values in the coupling phase. 
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In coupling, unlike repulsion, there is no recombinant class which can be 
measured directly on selective media; the number of a*+b~ recombinants must 
therefore be obtained by subtracting the number of a+b* parentals from the 
total number of at colonies. For short map distances, the two observed values 
(a+b+ and at) will be large, and the difference between them (a*b—) will 
be small; consequently small errors in the observed values can result in a large 
percent error in their difference. So it appears that unless the two observed 
values could be determined very precisely, the use of coupling would fre- 
quently lead to highly inaccurate estimates of the recombination frequency. 

For the same reason the use of the plating method for three-point crosses 
seems inadvisable. Determining gene order by comparing recombination fre- 
quencies in the three intervals would be unreliable, since two of the genes must 
necessarily be in coupling. Determining the order by comparing the three pairs 
of recombinant classes, to see which represents the double crossovers, would 
be still less reliable, since at least two subtraction steps would be required. 


SUMMARY 


A method has been developed for the genetic analysis of biochemical mu- 
tants of Neurospora, which permits the identification of alleles and the assign- 
ment of unmapped genes to linkage groups, with less labor than do previous 
methods. Ascospores are plated in deficient medium, using sorbose to induce 
colonial growth, with and without the addition of the required growth factors. 
The recombination frequency is determined from the proportions of colonies 
produced on the supplemented and unsupplemented plates. An extension of 
the method permits the use of a triply marked linkage tester stock, with no 
increase in the number of test media required. 

By a combination of the plating method and traditional methods, thirty- 
seven mutant strains requiring tryptophan for growth have been shown to 
represent mutations at only five clearly different genetic loci, and those which 
had not been located by previous authors have been mapped. 
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ERY considerable effort has been devoted to showing that the frequencies 
of X-ray induced mutations, and in particular the recessive lethal muta- 
tions of Drosophila, rise linearly with increasing dose; and the theoretical 
implications of this relationship have been much discussed. Special interest 
therefore attaches to KELNER’s (1948) demonstration of a clear-cut exception 
to the general rule in X-irradiated spores of Streptomyces, such that at high 
doses the capacity for mutational response appears to be saturated and fur- 
ther increases in exposure fail to cause the expected rise in mutant frequency. 
This exceptional dose-response relationship is of additional interest because 
it resembles closely the corresponding nonlinear relationship for ultraviolet- 
induced mutation found in almost all organisms studied, and thus suggests 
similarities in the modes of action of X-rays and ultraviolet (and also that 
the commonly observed difference in dose-response relationship may perhaps 
be quantitative rather than qualitative ). 
For these reasons a further detailed study of the saturation effects in 
Streptomyces was carried out and is described in this paper. 


MATERIALS 


A pigmented laboratory strain (T12) of Streptomyces, having a deep 
orange leathery base with abundant pale orange aerial mycelium, was used 
throughout. Clearly scorable colony-morphology and color mutations occur 
with high frequencies in spores irradiated with X-rays or with ultraviolet. 
All of these mutations are stable in that they do not revert to normality ex- 
cept as an infrequent event in certain mutant lines. Most however are unstable 
in that a high proportion of the spores give rise to further variant forms (for 
a detailed description of the induced mutants see NEwcomBeE 1953). 

The material lends itself to precise quantitative studies since: (1) the 
spores are uninucleate, (2) suspensions with little or no clumping are readily 
prepared by blending and filtration, and (3) large numbers of induced muta- 
tions can be scored simply by observing the colonies which develop from ir- 
radiated spores. (In our experiments these were plated on asparagine, peptone, 
K2HPO,-3 HzO, 0.5 each; glucose 10, agar 15, water 1000.) Including pre- 
liminary experiments, over a half million colonies were examined, of which 
over 50,000 were mutant. 

It is apparent that the bulk of the Streptomyces mutants constitute a spe- 


cial class, resembling in certain respects the “ variegated’ forms of higher 
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organisms. However, there is now a clear demonstration that a large group of 
“ variegations ” in Zea can arise through an initial chromosome breakage in- 
volving a particular heterochromatic region (McCLINTocK 1951), and there 
is no reason to suppose that the present changes are other than chromosomal 
or genic. 


THE EFFECT OF DOUBLING X-RAY OR GAMMA DOSE 


The dose-mutation relationships were studied by comparing the effects of 

a single and a double exposure to X-rays at different dose levels (see table 

1), the single exposures being 1, 2, 4, 8 and 16 minutes at 50 cm. from the 

target of a G.E. X-ray machine operating at 2000 K.V.P. and 1.5 ma. (approx. 

500 r per minute). Ten ml of a spore suspension suitably diluted with liquid 
TABLE 1 


Effect of doubling the dose of X-rays on mutation and survival (combined 
results from ten replicate experiments for each pair of doses). 























Mutations Survival q 
Dose Av. % ey 
(min.) Mutant Total indu, ai Av. Av. % Av. 
colonies colonies i obs./exp. survival obs./exp. 
mutants 
0 336 68,563 0.00 100.0 
1 1,917 58,817 2.75 86.3 
1 1,890 56,363 2.89 82.7 
1+1 2,902 49,300 5.43 0.98" 72.4 1.03? 
0 30 5,052 0.0 100.0 
2 239 3,200 9.6 62.0 
2 241 2,789 10.4 53.5 
2+2 322 1,958 19.2 je 34.2 513° 
0 26 5,198 0.0 100.0 
4 1,400 10,618 i 50.7 
4 1,064 9,240 12.3 44.7 
4+4 1,256 5,795 23.6 1.005 26.6 Lae 
0 60 15,291 0.0 100.0 
8 1,509 8,042 18.4 34.4 
8 1,539 7,126 21.5 31.2 
8+8 1,533 5,676 26.0 0.727 11.8 1.18° 
0 20 5,639 0.0 100.0 
16 1,694 6,322 26.5 8.3 
16 Pn 5,209 23.7 Tat 
16+ 16 1,329 8,968 14.4 0.30° 2.4 4.51” 





Irradiated in nutrient medium at 50 cm from the target (dose rate = approximately 
500 r/minute). 

Observed/expected; values for individual replicate experiments: 
1.00, 0.99, 0.93, 0.96, 0.88, 0.94, 0.95, 1.02, 1.08, 1.01. 
71.00, 1.06, 0.98, 0.98, 1.25, 1.14, 0.97, 0.98, 1.05, 0.90. 
°0.87, 2.18, 0.94, 1.88, 1.14, 0.89, 0.86, 0.71, 0.86, 0.82. 
“0.94, 1.11, 1.55, 1.02, 1.16, 0.54, 0.69, 0.74, 2.06, 1.31. 
$1.02, 1.24, 0.87, 1.26, 1.06, 0.92, 0.93, 0.99, 0.91, 0.77. 
£1.13, 0.92, 1.38, 0.93, 1.12, 1.52, 1.83, 1.30, 1.34, 0.69. 
70.65, 0.73, 0.65, 0.86, 0.60, 0.65, 0.73, 0.77, 0.73, 0.86. 
"1.14, 1.06, 1.55, 3.47, 1.42, 4.51, 0.72, 344, 0.76, 1.47. 
°0.34, 0.25, 0.24. 0.27, 0.28, 0.33, 0.34, 0.36, 0.27, 0.31. 
°2.86, 4.04, 2.62, 3.64, 6.15, 3.51, 5.64, 3.13, 3.89, 9.60. 
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medium (the one previously mentioned, minus the agar) were placed in each 
of four identical pillbox-shaped duraluminum boxes with watertight stainless 
steel lids. Two of the boxes were exposed once, one of them twice, and the 
fourth served as an unirradiated control (all four exposures being of the 
same duration). Ten replicate comparisons were made at each dose level, 
and to avoid bias the doubly exposed box received the first and third ex- 
posures, and the second and fourth, respectively in alternate experiments. 

To ensure that all of the spores in a suspension were uniformly exposed, 
vigorous churning during the irradiation was achieved by incorporating a 
baffle in each container and rotating on a horizontal axis at a rate of 60 r.p.m. 
with the bottom of the box (3 mm thick duraluminum) facing the horizontal 
X-ray beam. 

The dilution prior to the exposure was the same in all four boxes, and was 
arranged in the case of the comparisons at low doses so that plating 0.1 ml (per 
plate) without further dilution resulted in 20 to 100 colonies. In the case of 
comparisons at higher doses this could not be achieved for all four suspensions, 
a further dilution being necessary for the unirradiated suspension and some- 
times also for those which had received the single dose. 

In each replicate experiment the percent mutant colonies induced by the 
double exposure was compared with that expected on the basis of the two 
single exposures (assuming a linear dose-response relationship, allowance 
being made for the failure to discriminate between single and multiple induced 
genetic changes). The percent survival from the double exposure has also 
been compared with that expected from the two single exposures assuming 
an exponential relationship (linear production of lethal changes). The degree 
of accuracy which was achieved is indicated by the high level of consistency 
between replicates. 

Special attention has been directed to the comparison at the lowest dose 
level (1, and 1 plus 1, minute). At this level mutation rises linearly and sur- 
vival declines exponentially, the agreement between the observed and the 
expected effects of doubling the dose being extremely close. This linearity 
appears to hold up to approximately 10 or 20 percent mutations, and in this 
respect there is a close parallel with the corresponding relationship for re- 
cessive lethal mutations in Drosophila which also rise linearly with dose to 
approximately 15 percent (see OLIveR 1932; SPENCER and STERN 1948; 
and TiMOFEEFF-REssovskKy, ZIMMER and DeLBricK 1935). 

Under the conditions of these experiments, doubling the dose had pro- 
gressively less effect at increasing doses, and at the highest level (16, and 16 
plus 16, minutes) the percent mutant colonies was actually less in the case 
of the double exposure, by a factor of approximately two. In addition at this 
level the lethal effect of the double exposure, while not actually less than that 
of the single dose, was less than would be expected on the basis of an ex- 
ponential survival. Thus it would seem that there is a tendency toward satura- 
tion at high doses, of the capacity of the spore suspension for further response 
both to the mutagenic and to the lethal effects of a further exposure. 

It will be noted that the peak of the dose-mutation curve, occurring with 
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16 minutes (and 8 plus 8 minutes) exposure, is in the vicinity of 25 percent 
mutant colonies. In all, there are three groups of ten independent estimates 
of the mutational response at this dose and these show remarkable consistency, 
the averages for the three groups being 26.0, 26.5 and 23.7 percent, and the 
ranges within the groups being from 21.9 to 30.9, 23.1 to 28.6, and 16.6 to 
27.8 percent respectively. 

That this peak does not occur under all conditions, and that the percent 
mutant colonies may rise to higher values, is evident from two other series 
of experiments using X-rays, and gamma rays from a cobalt-60 source, re- 
spectively (see tables 2 and 3). The effect of doubling the dose was, as in the 


TABLE 2 


Effect of doubling the dose of X-rays on mutation (combined results from five 
replicate experiments for each pair of doses). 











Mutations 
Dose x 
(r) Mutant Total Past Av. 
colonies colonies obs./exp. 
mutants 
0 15 4,169 0.0 
4000 403 1,800 24.0 
4000 252 1,162 22.8 
4000 + 4000 262 980 27.2 -68% 
0 > 1,585 0.0 
8000 736 2,631 27.1 
8000 661 2,366 28.4 
8000 + 8000 835 2,433 34.4 72" 
0 6 1,192 0.0 
16000 1,296 3,372 28.8 
16000 969 2,708 35.6 
16000 + 16000 1,002 2,122 47.0 78 





Irradiated in normal saline at 16 cm from the target (dose rate = 2000 r/minute). 
Observed/expected; values for individual replicate experiments: 
+85, 67, 53, 61, .79- 
7.76, .63, .84, .74, .62. 
* 74, .71,, B7;,.7%, Bi. 
Percent survival varied from 3 to 100 with 2 minutes exposure, 3 to 45 with 2 + 2 
min., 12 to 50 with 4 min., 1 to 6 with 4+4 min., 1 to 7 with 8 min., .02 to .08 
with 8 + 8 min. 


previous high-dose experiments, less than linear, but the mutant frequency 
rose considerably above 25 percent, and in the X-ray experiments approached 
50 percent without any evidence of a peak, or even a plateau, having been 
reached. No attempt was made to determine the factors responsible for the 
presence or absence of a peak (in the second of the two series of X-ray ex- 


periments undiluted spore suspensions in normal saline were irradiated at a 
higher intensity), but it is clear that both a “ peaked” and a “ flattened ” 
type of response to increasing doses of an ionizing radiation can occur with 
this material. This represents another similarity with the non-linear ultra- 
violet dose-response relationships, which HoLLAENDER and Emmons (1941) 
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TABLE 3 


Effect of doubling the dose of gamma rays on mutation (combined results from 
three replicate experiments for each dose). 














Mutations 
Dose 
(r) Mutant Total Rate Av. 
colonies colonies obs./exp. 
mutants 
0 15 3951 0.0 
25,000 996 4872 22.0 pone 
50,000 1442 5694 26.8 -70% 
100,000 2540 6852 5 Pe BY i 





Irradiated in normal saline (dose rate = 5000 r/hour). 
Observed/expected; values for individual replicate comparisons: 
*.70,, 62, sie 
2.72, -95, 53. 
Percent survival varied from 1.0 to 8.7 at 25,000 r, .08 to .6 at 50,000 r, and from 
-006 to .G at 100,000 r. 


have shown to be readily convertible from the “ peaked’ to the “ flattened ” 
form by means of suitable post-treatments. 


ULTRAVIOLET AND PHOTOREVERSAL EFFECTS 


The ultraviolet dose-mutation curve for Streptomyces also reached a peak 
followed by a decline, and in a series of four preliminary experiments (2,323 
mutants out of 14,791 colonies examined) the peak occurred at doses between 
300 and 600 ergs per sq. mm. Choosing a single dose of 400 ergs per sq. mm 
the effect of doubling the exposure was to reduce the proportion of mutants 
to approximately one half (see table 4). It will be noted that these results are 
similar to those obtained in the comparison at the highest dose level in the 
first series of X-ray experiments (table 1) both with respect to the per- 
centage of mutants from the single dose and to the extent of the reduction. 

Post-treatment with visible light was also carried out, either of two possi- 
ble effects being expected: (a) a reduction in the proportions of mutant 


TABLE 4 


Effect of doubling the dose of ultraviolet on mutation (combined results from 
seven replicate comparisons between the two doses). 














—_— Mutation 7 
nap Av. ratio 
‘ Mutant Total Av. % (800/400) 
per mm") colonies colonies mutants 
400 2,041 9,263 24.2 
800 378 3,992 9.6 -423 





Ultraviolet from a G.E. germicidal lamp. 
Unirradiated controls averaged 0.6 percent mutant colonies. 
Ratios of mutant frequencies (high dose/low dose) for the individual experiments: 
1.57, .65, .42, .64, .10, .34, .22. i 
Percent survival varied from .04 to 1.0 for the low, and from .0005 to .01 for the 
high dose. 
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TABLE 5 


Effect of post-treatment with visible light on ultraviolet induced mutation (com- 
bined results from 11 experiments at 400 and 9 experiments at 800 ergs per sq. 
mm). 














Dose Dark Light Av. ratio 
(ergs Mutant Total Av. % Mutant Total Av. % L 
per mm*) colonies colonies mutants colonies colonies mutants D 
400 1,085 4,690 27.7 894 6,378 13.2 0.473 
800 337 2,902 12.9 757 3,316 24.8 2.09 





Ultraviolet as in previous table. * 

Visible light: ten minutes exposure at 37 C; filtered light from a G.E. AH-5 high 
pressure mercury lamp. 

Unirradiated controls averaged 0.6 percent mutant colonies. 

Percent survival varied from .01 to 1.0 and from .0001 to .01 at 400 and at 800 
ergs per mm’ respectively with no post-treatment. 

Post-treatment with light increased the survival by factors of 20 to 3,000 and 20 
to 10,000 at the two u.v. doses. 

Ratios of mutant frequencies (light/dark) for the individual experiments: 

2.38, .39, 24, <3], .27, ~56, <56,. 40, .47, -71,. -86. 
21.03, 1.53, 1.53, 2.05, 1.51, 2.52, 4.30, 2.64, 1.16. 

colonies at all ultraviolet doses, with no change in the dose at which the peak 
frequency occurred, or (b) a reduction in effective dose, higher ultraviolet 
doses being required to reach the peak response, but with no change in the 
height of this peak. The experimental results (see table 5) show clearly the 
latter type of response, the light treatment being equivalent to halving the 
initial dose of ultraviolet. Thus at the low dose light reduced the mutant fre- 
quency, and at the high dose (where the mutant frequency was low) it raised 
it towards the peak value. This is in agreement with KELNER’s (1949) “ dose- 
reduction principle’ (which appears to apply also where the u.v. dose- 
mutation curve is of the “ flattened” or “ plateau” type, NEwcomBE and 
WHITEHEAD 1951). 

It follows from this that the photoreversible intermediate must be produced 
linearly (or nearly so) with increasing ultraviolet doses. The subsequent non- 

TABLE 6 
Effect of post-treatment with visible light on X-ray induced mutation 
(combined results from five experiments). 























Dark Light Av. ratio 
Dose Mutant Total Av. % Mutant Total Av. % = 
colonies colonies mutants colonies colonies mutants D 
8000 r 634 8775 37.4 573 1730 S78 -96? 





X-irradiation as in table 2. 

Visible light: as in previous table. 

Unirradiated controls averaged 0.4 percent mutant colonies (5 out of 1691). 

Percent survival varied from .3 to 10.2 for dark, and .3 to 6.2 for light. In all 
comparisons there was a slight decrease in survival with light (by factors of .85, 
-89, .79, .97, .67 respectively). 

Ratios of mutant frequencies (light/dark) for the individual experiments: 

4.78, .98, 1.23, .94, .89 
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TABLE 7 


Effect of ultraviolet and gamma irradiation singly and combined 
(combined results from five replicate comparisons). 














Mutations 
Treatment Mutant Total _Av. % Av. 
: : induced 
colonies colonies obs./exp. 
mutants 
None 9 3,908 0.0 
U.V. 568 1,792 31.1 
y 2,188 6,052 35.0 
U.V. +y 1,015 2,306 43.6 0.81? 





Ultraviolet dose 400 ergs per mm’; gamma dose 25,000 r. 

Percent survival was from .01 to .5 for U.V. alone, .1 to 30 for gamma alone, and 
from .0003 to .002 for the combined treatment. 

Values from individual experiments: 

= 87, Oa, «7h, cg ste 

linear mutational response could be due to some selection effect (e.g., differ- 
ential killing of the more mutable cells, or of induced mutants or potential 
mutants), or to the saturation of some essentially intracellular response. The 
latter interpretation seems to have been largely neglected, but there is nothing 
to preclude the possibility of a nonlinear step in a chain of chemical (and/or 
structural) events leading to mutation. 

As expected from previous studies, post-treatment with light had no corre- 
sponding effect on X-ray induced mutation (see table 6). 


THE EFFECT OF COMBINED ULTRAVIOLET AND GAMMA IRRADIATION 


As a similar saturation of the mutational response occurred both with 
ionizing radiation and with ultraviolet, it was of interest to know whether ex- 
posure to one of these agents reduced the capacity of a suspension to respond 
to the mutagenic effects of the other. In the experiments to test this, exposures 
to ultraviolet and to cobalt®’ gammas were carried out singly and in com- 
bination (see table 7), and it was clear from the results that the ultraviolet 
did reduce the mutagenic effectiveness of the subsequent gamma irradiation. 

TABLE 8 


Effect of the sequence of combined ultraviolet and X-irradiation 
(combined results from five replicate experiments). 

















Mutations 
Treatment Mutant Total Av. % Av. ratio 
colonies colonies mutants U.V. + X/X + U.V. 
None 3 1508 0.2 
X + U.V. 1164 3233 36.2 
U.V.+X 809 2328 35.2 -98! 


Ultraviolet dose 200 ergs per mm?; X-ray dose 4 min. at 16 cm (= 8000 r). 
Percent survival was from .1 to .G for X + U.V. and from .1 to .2 for U.V. + X. 
Values from individual experiments: 

1.83, .86, 1.10, 1.11, 1.04. 
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It can therefore be inferred that the saturation effects found with both the 
ionizing and the non-ionizing radiations, have a common mechanism. Appar- 
ently also it make no difference in which sequence the ultraviolet and the 
ionizing radiation are administered, survival and mutation being the same in 
either case (see table 8). 

CONCLUSIONS 

The frequency of induced colony morphology mutants in X-irradiated 
Streptomyces spores rises as a linear function of dose at low doses. At higher 
doses the response is less than linear, and under certain conditions a peak is 
reached and further increases in dose cause a decline in the proportion of 
mutants among the surviving spores. This dose-response relationship is similar 
to that for ultraviolet-induced mutation, both in Streptomyces and in prac- 
tically all organisms studied, but seems to be unique for the ionizing radia- 
tions. It is emphasized however that the apparent linear X-ray-dose relation- 
ships observed in other materials do not rule out the possibility of a nonlinear 
response at doses too high for convenient study, and that in any case the 
nonlinear responses observed in ultraviolet- and X- or gamma-irradiated 
Streptomyces must have a common mechanism, since exposure to ultraviolet 
can partially saturate the capacity of a spore suspension to respond to the 
mutagenic effects of the ionizing radiations. 

This does not mean that the initial effects of these two kinds of mutagenic 
agent are identical since that of ultraviolet can be partially reversed by light, 
the reversal in this material being equivalent to halving the original dose. 
The part of the ultraviolet effect which cannot be reversed is however indis- 
tinguishable by present methods from that of ionizing radiation, and all three 
mutagenic effects (ionization induced, reversible u.v. and stable u.v.) must be 
thought of as affecting in a similar manner the common mechanism by which 
the capacity of a spore suspension for mutational response becomes saturated. 

Since with ultraviolet there is a long-lived (photoreversible) intermediate 
which is formed in direct proportion to the dose, it is an attractive speculation 
that the ionizing radiations may act through a similar long-lived (but photo- 
stable) intermediate, and that the nonlinear step in the induced mutation 
process may, with both agents, occur at some time after the irradiation. 

It should be emphasized that there is as yet no means of determining 
whether the ultraviolet-induced intermediate arises through changes within 
the genes, or external to them (but perhaps localized in closely adjacent ma- 
terials). And similarly, we cannot be certain whether the nonlinear step in the 
mutational response to both agents, is due to some intercellular (selection) 
effect, or to the saturation of an essentially intracellular capacity for response. 


SUMMARY 


In most organisms, X-ray induced mutations increase linearly with dose 
while the corresponding ultraviolet induced changes rise either to a plateau, 


or to a peak followed by a decline. Streptomyces spores are exceptional in 
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that the response to both agents is similar, and varies non-linearly with dose. 
A common cause is indicated, since combined treatment with ultraviolet and 
ionizing radiation has a less than additive effect. In the case of ultraviolet it 
has been shown that the long-lived (photoreversible) intermediate in the 
mutation process, must increase linearly with increasing dose; but it is not 
certain whether the final nonlinear response is due to some subsequent step in 
the intracellular processes leading to mutation, or to differential survival. 

It is suggested that the apparently linear X-ray response curves found with 
other organisms might be nonlinear at doses too high for convenient study ; 
and also that X-rays, like ultraviolet, might perhaps act through the produc- 
tion of a long-lived intermediate. 
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HIRTY years ago SAx (1921) crossed the two common wheat varieties 

Bluestem and Amby. Their hybrids died before flowering, though at first 
development appeared normal. SAx suggested that the genetical basis of their 
premature decline could be analyzed by crossing the viable F,; of Amby » 
Marquis with Bluestem. Later HoLLINGSHEAD (1930) performed an analysis 
of this type with hybrids of Crepis tectorum and C. capillaris. These hybrids 
either died in the cotyledonary stage or reached maturity depending on whether 
the lethal gene / or its non-lethal allele L was present in the C. tectorum 
parent. The gene / caused also the early death of C. tectorum hybrids with 
C. bursifolia and C. leontodontoides. No evidence was obtained concerning the 
genetic mechanism in the latter two species nor in C. capillaris. 

SeARs (1944) encountered a similar situation in intergeneric hybrids be- 
tween einkorn wheat and Aegilops umbellulata. In the former species he could 
distinguish between three alleles for early lethality (1°), late lethality (L') 
and viability (/). Certain einkorn hybrids with Aegilops bicornis and with 
Haynaldia villosa were also lethal, but their lethality was shown to be inde- 
pendent of L. 

Since these earlier discoveries many examples have been found in additional 
genera and, therefore, complementary lethals can no longer be regarded as an 
isolated oddity. In the genus Nicotiana, e.g., numerous species crosses yield 
lethal combinations (East 1935; Kostorr 1930, 1936), but their genetics 
was not studied. In other Nicotiana hybrids tumors are formed which may 
be a kindred phenomenon but their genetical basis has not yet been analyzed 
(KenR 1951). 

As SAx’s wheat case shows, complementary lethals are not at all limited to 
hybrids between different species. In Godetia whitneyi (= Clarkia amoena acc. 
to Lewis 1953) Hiortn (1946, 1948a, 1948b) described numerous lethal 
combinations involving three wild races of the species from California and 
several European garden races. An example in a self-pollinated crop plant 
was recently given by SAUNDERS (1952) in South African cowpeas where 
hybrids between certain strains consistently died between the third and sixth 


1 Contribution from the Agronomy Department, North Carolina Agricultural Experi- 
ment Station, Raleigh, North Carolina. Published with the approval of the Director of 
Research as Paper No. 529 of the Journal Series, and with approval of the Division 
of Cotton and other Fibers, Bureau of Plant Industry, Soils and Agricultural Engineering 
U.S.D.A.; supported in part by Project S-1 of the Research and Marketing Act of 1946. 
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week of their lives. Complementaries L; and Ls» in the varieties Portuguese 
White and Light Red, respectively, were responsible in one instance; Lz and 
L,4 caused lethality in the hybrids between Light Red and N.I. 31. 

Complementary lethals are not limited to plant species. If platyfishes Platy- 
poecilus maculatus carrying any of a number of genes producing a melanin 
pattern are hybridized with the swordtail Xiphophorus helleri melanotic 
tumors result in the hybrids or in later backcrosses to the swordtail and will 
eventually kill the carrier (GorDoN, biblio. in 1948). In Drosophila a strain 
of D. aldrichi carries a sex-linked gene which kills most of the female offspring 
from hybrid progenies with D. muileri before hatching; it may have a similar 
effect on hybrids with D. mojavensis and D. arizonensis (Crow 1942). 

Lethal hybrids between species of Gossypium are not uncommon; thus the 
hybrids of the wild American species G. davidsonti with G. hirsutum, G. bar- 
badense, G. stocksti and G. thurberi die in the cotyledonary stages. Some other 
hybrids of G. davidsonti die even earlier during embryogeny. This behavior 
was attributed to a general genotypic disharmony rather than to the action 
of specific lethal genes by StLow (1941). In an extensive study of another 
wild American species, G. gossypioides, BRowN and MENzEL (1952) found 
that all but one of those interspecific hybrids that could be obtained died at 
various stages ranging from embryos until after meiosis had taken place. 

In most of the cases mentioned, a simple genetic mechanism was recognized 
in only one of the parent species because noncarriers were not available for 
the other parent. Failing an analysis of both parents one might come to the 
conclusion reached by Crow (1942) that the “* cross-lethal factor would seem 
to act in genic environments not normal for it, rather than behave as a lethal 
in a specific hybrid environment.” Crow based his remark on observations that 
the X-chromosomal lethal of Drosophila aldrichi mentioned was effective in 
hybrids with several other species. 

STEPHENS (1946, 1950) carried the analysis much further in his work on 
abnormal “ corky ” hybrids from crosses between certain strains of Gosspyium 
hirsutum vy. marie-galante and G. barbadense. He found that specific genes, 
ck® and ck*, occurring in G. hirsutum and G. barbadense, respectively, were 
responsible for the deleterious corky effect. Furthermore, he demonstrated 
that ck* and ck* were not carried at independent loci and suggested that they 
may be pseudo-alleles. It was argued that it is more likely for pseudo-alleles 
which have evolved from a common origin to block the same vital processes 
than for two independent genes and STEPHENS suspected that the cases from 
Crepis and Triticum-Aegilops mentioned above and some other complementary 
mechanisms in Asiatic cottons not discussed here may also have a pseudo- 
allelic basis. That independence as well as very close linkage may both occur 
has been shown quite clearly by Hiortu (Joc. cit.). For example, the com- 
plementary lethal genes /, from the wild race Bodega of Godetia whitneyi 
and H, from the cultivated strain Bremen were proven to be independent. In 
another hybrid between the cultivated races pumila hybrida (C?") and Bremen 
(c) in Fy and Fs; only three individuals were found without the characteristic 
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pigmentation caused by C?" among 3890 plants; in various backcrosses with 
c pollen the percentages of c plants varied from 0 to 2.5. The deficiency of c 
segregants was apparently due to an embryo-killing effect of cc where mothers 
were C?". The rare c survivors may have been the result of crossing-over 
very near the C?" locus; HiortH postulated a killer gene closely linked with 
Cc" to explain the facts. This account abbreviates greatly HiortTH’s rather 
complicated scheme. 

To return to the corky cotton hybrids, STEPHENS (1946) pointed out that 
the corky alleles were especially frequent in strains of the two species which 
are grown together in mixed cultivation; clearly it may be suspected that 


a“ rte, ta 
$ace*;S, 


FicuRE 1.—Section of planting of 4n (Sanguineum  herbaceum) K Upland com- 





5 OD a Be 
paring red lethal plants (at right of foot rule and in rear) with normals. Note the flower 
buds on lethal plant. 


ck® and ck* are playing a role in providing an isolation barrier between the 

two species as DopzHANskKy (1937) had already suggested for other cases. 
In this paper a new case of complementary interspecific lethals recently 

found in cotton will be presented and any bearing it may have upon these 


problems will be discussed. 
EXPERIMENTAL RESULTS 


During an investigation on the cytogenetics of amphidiploids to be reported 
separately it was discovered that 162 out of 197, or approximately five-sixths, 
of the plants of a certain hybrid combination died with peculiar symptoms. 
Their leaves assumed a reddish cast some time between transplanting to the 
field and flowering and drooped, though remaining turgid (fig. 1). Some 
plants survived long enough to produce mature pollen. The leaves and flowers 
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finally dropped, leaving behind naked stems which soon dried up and died 
(fig. 2). In the stem tissue brown discolored patches in cambium and pith 
wh‘ch occasionally invaded the xylem could be discerned. As no parasitological 
or edaphic reasons for this behavior were apparent a genetical investigation 
seemed indicated. 

The origin of all the strains used in this analysis are listed in table 1 and 
the crosses made with their results are described in the following. These 
crosses involved combinations between diploid Old World species (G. ar- 
boreum, G. herbaceum and G. anomalum) and tetraploid New World species 
(G. hirsutum and G. barbadense) and although triploid hybrids between 
these groups can he made, this involves excising and artificially culturing 





Figure 2.—Part of a row of 4n (Sanguineum X anomalum) X Upland—none of the 
rare viable segregants are included. Later stage than figure 1. 
hybrid embryos (BEASLEY 1940); it was found easier to cross the natural 
tetraploids of the New World cottons with colchicine induced tetraploids of 
the Old World group. These were used throughout this investigation. 

(a) 4n (G. arboreum (Sanguineum) x G. herbaceum) x G. hirsutum 

Detailed results of the crosses of this type are presented in table 2. The 
parents employed were tetraploid G. arboreum-herbaceum and G. hirsutum 
(Upland) ; reciprocal crosses gave similar results and a cytoplasmic basis 
was thus excluded. 

Both G. arboreum and G. herbaceum carry a diploid set of A chromosomes 
(terminology of BEASLEY 1942). Their tetraploid hybrid therefore has the 
constitution AAAA. G. hirsutum is an amphidiploid AADD and the hybrid 
progenies studied consequently had a highly unbalanced constitution, AA- 
(AD), and were sterile. An analysis of the presumed genetic mechanism pro- 
ducing the 


‘ 


‘red lethal ” effect could therefore be made only by changing the 
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TABLE 1 


List of strains used. 











Strain 


Description 


Red lethal 
constitution 





A. New World 
S 5082 


S 4025 
Coker 100 W, Cemp, Empire 


Stoneville doubled haploid 


Lacandon 


TZVR 
Pima 


Hallmark 


B. Asiatic 


**Sanguineum’’ 
S 4004 


S 5133 


persicum* 


kuljianum* 


C. African 


G. anomalum 


1) G. hirsutum L. 


Synthetic Upland marker stock combining 
various recessives (courtesy S. G. 
Stephens) 

Synthetic Upland marker stock combining 
dominants (courtesy S. G. Stephens) 
Commercial Upland stocks from S. East- 

ern U.S.A. 

Spontaneous Upland haploid made diploid 
by the late J. O. Beasley and main- 
tained by cuttings 

Primitive type of race latifolium* from 
Mexico—Guatemala border (collector 
S. G. Stephens) 


2) G. barbadense L. 


Sea Island variety from Georgia (courtesy 
J. G. Jenkins) 

Commercial variety from Arizona 

Synthetic recessive marker stock (cour- 
tesy R. H. Peebles) 


1) G. arboreum L. 


Red leaved type of race bengalense (C. 
B. 787, U. S. Dept. of Agriculture) 
Synthetic recessive combination (cour- 

tesy S. G. Stephens) 
Synthetic combination of dominants 
(courtesy S. G. Stephens) 


2) G. berbaceum L. 


Collection from Turkey (P.E.I. 173703, 
U.S. Dept. of Agriculture) 

From Chinese Central Asia (courtesy 
R. L. Cuany) 


1) G. anomalum Wawra et Peyr. 


African wild species 


Rly, 
Rly, 


Rl, 


rl 


rl 
rl 


rl 


Ri. 
rl 


rl 


rl 


rl 


rl 





*Designation of races according to the system employed by HUTCHINSON (HUTCH- 
INSON 1949, 1951; HUTCHINSON, SILOW and STEPHENS 1947). 


components which went into the cross and not by backcrossing or selfing. It 
soon became apparent that the complementary factors for red lethal were 
located in Sanguineum on the one hand and in Upland on the other; G. 
herbaceum carried an inactive allele. Below follow the crosses and results 
which served to designate Sanguineum as the carrier of one of the lethal 
factors. 
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TABLE 2 


Red lethals from 4n (G. arboreum x herbaceum) x G. hirsutum.* 





Upland Upl 
Upland parent : “3 coiled 





Red lethal Viable Total Redlethal Viable Total 





Coker 100 Wilt $ 1 6 7 1 8 
Stoneville doubled haploid 17 5 22 15 1 16 
S 5082 recessive marker 19 4 23 99 23 122 

41 10 51 121 25 146 





Total 162 Red lethal : 35 viable. Chi square (5: 1) = 0.173; P > 0.5. 





* The amphidiploid parent had been synthesized from ‘'Sanguineum’’ of G. arbo- 
reum and G. herbaceum race persicum; three different Upland lines were used as G. 
hirsutum parents. 


(b) 4n Sanguineum x Upland S 5082—33 red lethal: 1 viable plant 

Offspring of this combination showed the lethal symptoms uniformly at 
a very early stage, long before flowering. Such behavior was in contrast to 
that described for (a) presumably because of the quadruplex constitution of 
the Sanguineum tetraploid parent as compared with the duplex constitution 
of 4n Sanguineum-herbaceum. The former contributed two and the latter in 
most cases only one dose of the lethal gene to the hybrid. The one viable plant 
in (b) was positively identified as pure Sanguineum; its occurrence was not 
surprising because the female parent, which is usually quite male sterile, was 
not emasculated. 
(c) 4n (G. arboreum S 4004 G. herbaceum race persicum) x Upland S 

5082—0 red lethal: 54 viable 

(d) Reciprocal cross—O red lethal : 36 viable 

Obviously neither the arboreum line S 4004 nor G. herbaceum race per- 
sicum possessed the lethal factor present in Sanguineum. Eight additional 
plants in crosses (c) and (d) died shortly after transplanting to the field but 
without developing the red lethal symptoms; their death was attributable to 
various hazards. 
(e) 4n (Sanguineum x G. anomalum) x Upland S 5082—125 red lethal: 3 

viable 

(f) Reciprocal cross—55 red lethal: 1 viable 

This amphidiploid combination of Sanguineum gave also the lethal reac- 
tion in crosses with Upland. The combinations listed below demonstrated that 
Sanguineum was again responsible and not the wild species G. anomalum. As 
can be seen from (e) and (f), the G. arboreum-anomalum amphidiploid be- 
haved like an allotetraploid in which segregation was very limited. Other 
factors in genetically properly marked arboreum-anomalum amphidiploids 
behave in a similar fashion (GERSTEL 1953b). The four viable plants in (e) 
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and (f) were the result of the restricted amount of segregation which oc- 

curred ; they were not maternal selfs but true hybrids, as could be easily judged 

from their appearance. While, as stated above, the highly male sterile San- 

guineum autotetraploid was not emasculated where used as female, strict 

precautions were adhered to with all other types. 

(g) 4n (G. arboreum S 4004 x anomalum) x Upland S 5082—0 red lethal : 74 
viable (2 died from other causes ) 

(h) 4n (G. anomalumxG. arboreum S 5133) x Upland S 5082—0 red 
lethal : 57 viable 

(i) 4n (G. anomalum x G. herbaceum race kuljianum) x Upland S 5082—0 

red lethal: 25 viable (1 died from other causes ) 

From these crosses (g) to (i) it could be concluded that none of the Old 
World lines involved carried the lethal which was present in Sanguineum. 

Thus it could be established that Sanguineum possessed a gene (or genes) 
for lethality. Furthermore, in combination (a) between 4n Sanguineum-her- 
baceum and Upland the 5:1 ratio observed (table 2) was that expected for 
a duplex tetrasomic carrier of a single factor. The tetraploid 4n Sanguineum- 
herbaceum was of that duplex constitution. 

G. arboreum (including Sanguineum) and G. herbaceum are taxonomically 
very closely related species (HUTCHINSON, SILow and STEPHENS 1947) and 
the chromosomes in their hybrids are capable of complete meiotic pairing 
(BrasLey 1942; GersTEL 1953a). In their amphidiploids segregation for the 
genes Ry, P, L and Y also gave tetrasomic ratios (GERSTEL 1953b). There- 
fore, the segregation ratios observed here proved that a single gene for 
lethality was present in the Sanguineum strain of G. arboreum. This gene will 
be symbolized as Rl). 

In order to find out whether there existed in the New World cottons any 
genotypes which did not carry the complement to A/, a number of crosses 
were performed between R/, carriers and various lines of G. hirsutum and 
G. barbadense. In these crosses 4n Sanguineum was used to some extent as 
a tester, but allotetraploid Sanguineum x anomalum proved more efficient be- 
cause of much higher fertility. 

(j) 4n Sanguineum x Coker 100 W—21 red lethal: 0 viable 
(k) 4n Sanguineum x Cemp—12 red lethal: 1 viable 

The viable plant was identified as 4n Sanguineum and was therefore a self. 
(1) 4n (Sanguineum x G. anomalum) x S 4025—34 red lethal: 0 viable 
(m) Reciprocal cross—22 red lethal: 1 viable 
(n) Stoneville doubled haploid x 4n (Sanguineum x G. anomalum)—16 red 

lethal: 1 viable 


(o) Lacandon x 4n (Sanguineum x G. anomalum)—O red lethal: 14 viable 


(1 plant died from other causes) 
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These results, in addition to those in table 2, demonstrated that of the 
various G. hirsutum lines employed only Lacandon failed to produce lethals. 
The latter is not an Upland, as are the rest, but a primitive perennial cotton 
from Central America. All other types, which brought about lethality are re- 
lated Upland varieties. The few viable plants in the progenies of 4n (San- 
guineum x anomalum) were due to segregation in that amphidiploid, as 
already mentioned. They were true hybrids which combined features of both 
G. hirsutum and the amphidiploid parents. 

Of G. Larbadense, three varieties were tested in the same fashion : 

(p) 4n Sanguineum x Pima—0 red lethal: 16 viable 
(q) 4n (Sanguineum x G. anomalum) x TZVR—O red lethal: 5 viable 
(r) 4n (Sanguineum x G. anomalum) x Hallmark—O red lethal: 14 viable 

Of these crosses no plants were lost from disease or other causes, which 
could be due to the very outstanding hybrid vigor of barbadense hybrids. 
Obviously, G. barbadense did not carry the red lethal complementary. 

The existence of the alternative genotypes in New World cottons provided 
an opportunity to test the number of genes involved and a hybrid stock Hall- 
mark x Upland S 5082 was developed for that purpose. Its crosses gave the 
following results : 

(s) 4n Sanguineum x F, (Hallmark x S 5082 )—4 red lethal : 7 viable 


(t) 4n (Sanguineum x G. anomalum) x F, (Hallmark x S 5082)—27 red 
lethal : 13 viable 

Two plants died before their phenotype could be determined. 

(u) Reciprocal cross—19 red lethal: 17 viable 

One plant died prematurely in (u). The data fit a 1:1 ratio (for (s) to 
(u} combined chi square = 1.94, P > .10) expected if Hallmark and S 5082 
differed in one gene. A two gene basis is highly improbable (chi square = 48.79, 
P < .01). (Allowance for rare r/,7], gametes, which presumably occurred in 
the 4n Sanguineum-G. anomalum parents (s. above) would only slightly 
affect the chi square values.) The postulated lethal gene or linkage groups 
from Upland will be symbolized as Rl). 

The last column of table 1 summarizes the results of these experiments and 
lists the genetical constitution of each species and line with respect to the fac- 
tors (or possibly groups of factors) RJ, and Rly. 

An element of uncertainty is introduced by the fact that only a fraction of 
the seeds germinated in all crosses involving synthetic amphidiploids as 
either male or female parents. Thus the ratios which were obtained from 
segregating populations might have been affected by differential seed viability 
of the “ red lethal’ and “ viable ” types. But this is not very probable because 
the first symptoms distinguishing the two types appear only late during 
development and also because the ratios obtained here are consistent with 
those obtained for other characters as was mentioned before. 
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DISCUSSION 

The results obtained thus far leave undecided the question whether R/, and 
Rl, are independent complementaries or alleles with a complementary effect. 
The two possibilities may be expressed in the following way. In the former 
case, the formula of (diploid) Sanguineum should be written RI,Rlyrlyrl, and 
that of Upland r/,r/,R/,Rl, and their lethal hybrid Ri,rl,RI,rl,, (or RlgrlaRl,— 
if Rl, is located in the D subgenome ; the distinction does not affect the follow- 
ing). If the genes were allelic, Sanguineum would be R/,//,, Upland Ri,RI, 
and their hybrid R/,R/,. A choice between the two possibilities can be made 
only by testing the segregation of a lethal hybrid. But even though red lethals 
may survive long enough to produce some pollen the lethal types available 
thus far are very highly sterile. Their chromosomal constitution is unbalanced 
as the 4n Asiatic x Upland hybrids are of the genome formula AA( AD) and 
the 4n (G. anomalum-Asiatic) x Upland hybrids are AB(AD), using BeEas- 
LEY’s (1942) designations. AA(AD) is triploid for the A genome and con- 
tains in addition an unmatched D genome while AB(AD) contains only two 
fully homologous genomes among its four. However, Sanguineum can be 
crossed with the diploid G. thurberi which has two D genomes; their amphi- 
diploid AADD will presumably give fertile carriers of both R/, and Rl, when 
crossed with Upland. If pollen can be obtained, it may be applied to a non- 
carrier type like G. barbadense. Complementary genes would segregate as 
follows : 
4n Sanguineum-thurberi (RI,Rl,rlyrl,) x Upland (rlarl,R1,Rl,) — lethal F, 

(Ril, Rliyrl,) ; 


lethal F, x barbadense (rl,rl,rl,rl,) — 3 viable: 1 red lethal, whereas the al- 
ternate situation would result in no lethals: 


4n Sanguineum-thurberi (RI,Rl,) x Upland (RI,RI,) > lethal Fy (Rl,R,) ; 


lethal F, x barbadense (rl rl) — all viable. 


From an evolutionary point of view, complementary lethals have been con- 
sidered a special case of isolating genes which do not interfere with hybridiza- 
tion but exercise their effect rather late during development of the hybrid 
zygote. Thus they are less effective in providing isolation than genes which 
prevent mating or kill the embryo. DoBzHANsky and his associates (see 
DoszHANSKy 1951) have marshalled an impressive number of facts which 
demonstrate that selection may very effectively build up genetic isolating com- 
plexes in species of Drosophila; and Kine (1947) has presented a descriptive, 
though not quantitative, model of such a mechanism. The precise mathematical 
demonstration of how complementary lethals would act under varying intensi- 
ties of out-crossing and degrees of reproductive incapacity of hybrids has not 
yet been given; but STEPHENS (1946) has shown that the corky alleles ck* 
and ck* occur largely in those areas where the carrier species G. hirsutum v. 
marie-galante and G. barbadense are grown in mixed cultivation. STEPHENS 


suggested that in this special case accumulation of the corky alleles may have 
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been intensified by the Indians themselves ; they may have practised elimination 
of those lines of the two species which gave vigorous but useless hybrids with 
impaired reproductive capacity and favored those which produced corky dwarf 
hybrids which were readily eliminated by the customary hoeing operations. 
Complementary lethals may exist in a population without their lethal potenti- 
ality coming into play and occur under various conditions of already pro- 
nounced isolation; as, e.g., in varieties of self-fertilizing species like wheat or 
cowpeas or in species that are completely separated by various barriers as are 
Gossypium arboreum and G. hirsutum. Only if their carrier populations happen 
to be brought together either by man or by natural events may they become 
barriers which prevent further intercrossing and be favored by selection. 
Within their respective carrier lines they will become part of a workable 
physiological balance; but if they meet as complementaries, or in the hetero- 
zygous state as in the corky case, they upset the equilibrium of a specific 
developmental stage. If the heterozygote were more efficient than either homo- 
zygote in producing a certain vital substance such a substance could reach and 
pass the tolerable maximum threshold concentration, which would be fatal; the 
disturbance might also be of a more complex nature. The parallel with various 
models of heterosis forces itself upon the mind; especially interesting in this 
connection is the recent suggestion by RENpEL (1953) that heterosis may be 
due to an interaction between gene products which are essential growth sub- 
stances; this suggestion was based mainly on work by EMErson (1952) on 
improved equilibria in heterokaryons of Neurospora. The comparison is of 
course purely speculative as we are still very much in the dark concerning the 
chemical basis of complementary lethals and the first steps have hardly been 
taken concerning a solution of this aspect. At most, it may be suggested that 
it is more likely that an excess of some substance rather than a deficiency is 
causing the death of the Gossypium hybrids; this is indicated by the observa- 
tion (GERSTEL 1953c) that the lethal hybrids survive at lowered temperatures. 
The frequent occurrence of genetically simple complementary lethal systems 
indicates that the widely held concept of a general species incompatibility is not 
always true and that specific genes often interfere with normal hybrid develop- 
ment. Failure of a hybrid to grow properly cannot be due to a general unbal- 
ance where it can be shown that other strains of the same parent species pro- 
duce a thrifty hybrid. The existence of both lethal and non-lethal alternatives 
in several instances raises hopes that compatible combinations may ultimately 
be found where only incompatible ones are available at present. (HiorTH 
(1948b) suggested the production of such strains by means of X-rays.) In the 
case of Gossypium normal alleles exist for each known case of interspecific 
lethals in the cultivated Asiatic and New World species (i.e., “ corky,” “ red 
lethal ” and also “ crumpled ” which was analyzed by Hutcuinson 1932) ; on 


. 


the other hand no normal alleles have been described thus far for the comple- 
mentary lethals occurring in wild American species like G. davidsonii, G. ari- 
dum and G. gossypioides. This may be due to the circumstance that the culti- 
vated species are highly diversified while the available collections of wild 
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American Gossypium species are very sketchy and in several instances were 
derived from a single parent plant. Therefore, further expeditions into their 
Central American habitats may be rewarding and result in the discovery of 
forms without the particular lethal. 


SUMMARY 


1. This is a report on the lethal hybrids which resulted from crosses between 
Asiatic G. arboreum (Sanguineum) and Upland strains of G. hirsutum. 

2. As diploid Asiatic cottons are difficult to cross with the natural tetra- 
ploids G. hirsutum and G. barbadense the crosses were made between artificial 
tetraploids of the Asiatic cottons and the latter two species. Autotetraploid 
Sanguineum x Upland gave only lethal offspring, 4n (Sanguineum x G. herba- 
ceum) x Upland gave a tetrasomic ratio of 5 lethals: 1 viable and combinations 
of 4n (Sanguineum x G. anomalum) with Upland gave a total of 252 lethals : 6 
viable plants. Such restricted segregation is a feature of the latter allopolyploid. 
From these results it appears that Sanguineum carries a factor (or linkage 
group ) Rl, for * red lethal.” 

3. F, G. barbadense x Upland produced an approximate 1 lethal : 1 viable 
ratio in crosses with F/, carriers; the symbol /t/, is proposed for the factor 
(or chromosome) in Upland responsible for lethality. 

4. Sanguineum is the only strain of an Asiatic cotton which was found to 
contain R/,. Rl, occurred in all tested Upland lines, but not in a primitive 
strain of G. hirsutum nor in G. barbadense. 

5. Because of the sterility of the R/,R/, plants, apart from their lethality, 
it was not resolved whether R/, and Ri, are alleles or complementary genes. 
Crosses to decide this are outlined. 

6. A parallel is drawn between complementary lethality and heterosis ; both 
phenomena are based on changes in the physiological equilibrium. 

7. Additional collections of wild American Gossypium species are not un- 
likely to yield lines without the specific genes which thus far have made 
impossible certain interspecific crossings. 
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HE pioneer investigations of the prime types of Datura by BLAKESLEE 

and BELLING (1924) have stimulated similar studies in an ever increasing 
number of plant species. Primary trisomics perform the useful service of identi- 
fying the chromosomes with their respective linkage groups as a result of the 
modifying by extra chromosomes of genetic ratios. BripGes (1921) was first 
to apply this technique in revealing that the gene ey has its locus in the fourth 
chromosome of Drosophila melanogaster. Similar identifications followed 
shortly in Datura: the gene “ White ” was identified with the trisomic type 
* Poinsettia” (BLAKESLEE and FARNHAM 1923); “ Swollen” with “ [lex ” 
(GaGER and BLAKESLEE 1927); “ Curled” with “ Poinsettia” and “ Tri- 
carpel ” with “ Reduced” (BLAKESLEE, Morrison and Avery 1927; Bucu- 
HOLZ and BLAKESLEE 1927). In Zea extensive data were presented (McCLIN- 
tocK 1929; McC.Lintock and Hitt 1931) to prove the location of r on the 
smallest chromosome of the haploid set, and it was mentioned that associations 
between trisomics and five other linkage groups had been found. It was indi- 
cated later by Emerson, BEADLE and FRASER (1935) that McCLintock and 
BURNHAM had identified nine linkage groups with their respective chromo- 
somes in maize by using the trisomic method. 

From a triploid plant of Lycopersicon esculentum LesLey (1928, 1932) 
recovered trisomic plants that could be classified into eleven morphological 
types, presumably constituting 11 of the expected 12 primary trisomic types. 
Utilizing the altered-ratio technique, LEsLey (1928) also demonstrated that 
the gene d of the first linkage group resides in the satellited chromosome, for 
which triplo-A is trisomic. He later (1932) identified r with triplo-I, and / 
with triplo-B. In a more extensive study of the inheritance in triplo-A of the 
first linkage group genes d, p, o and s, Lestey (1937) discovered random 
chromatid association of each gene, indicating that all of them must be located 
a considerable distance from the centromere. 

The present revival of the study of tomato trisomics has been stimulated by 
information gained since the time of LEsSLey’s important contributions. In the 
first place, BARTON (1950) and GorrscHALK (1951), employing appropriate 
cytological techniques, have revealed that each of the twelve tomato chromo- 
somes can be distinguished morphologically in pachytene, thereby permitting 
the utilization of the trisomic method to identify a given linkage group with its 
respective chromosome. In the second place, the large number of recently 
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described tomato genes, many of which have been assigned to their respective 
linkage groups, has provided us with a better choice of genic material and 
reasonable prospects of completing the identification of pachytene chromosomes 
with the linkage groups. 


SOURCE OF THE TRISOMICS 


For the purpose of renewing the investigation of the tomato trisomics, 
entirely new material was adopted for the following reasons: (1) many of 
Lestey’s (1928, 1932) lines were extinct; (2) the parent variety of LESLEY’s 
trisomics, Dwarf Aristocrat, is homozygous for the dwarfing gene d, which 
with its manifold effects on many parts of the plant influences the phenotypic 
expression of the extra chromosomes; hence a parent variety carrying the 
normal allele is preferable; (3) potential sources of trisomics were available 
only in other varieties. 

Since it had been found previously (Rick 1945) that triploids appear spon- 
taneously and at the relatively high rate of 0.1 percent in all investigated varie- 
ties, it was possible to choose from several tomato varieties that are grown on 
a large scale in Central California. Certain varieties, particularly Pearson, were 
disqualified because their determinate habit, effected by sp, does not permit 
propagation by cuttings, which is necessary for those trisomic types (triplo-3 
and triplo-6) that are difficult to propagate by seed. Selection was thus nar- 
rowed to the only indeterminate variety grown on a sufficiently large scale for 
these purposes, San Marzano, a variety of Italian derivation, which has pear- 
shaped bilocular fruits and is used largely for preparation of paste and other 
concentrates. 

Of the two available sources of trisomics, triploids and asynaptics (Soost 
1951), the former were chosen because their progenies, unlike those of the 
latter, do not yield sterile asynaptic segregates, which cause additional trouble 
by throwing unrelated trisomics in their progeny. 

Triploid plants of San Marzano growing under the best conditions yield 
as many as 80 fruits without artificial pollination. These fruits contain an 
average of one to two seeds apiece. The failure of fruits to set after artificial 
selfing of triploids in contrast to the success following the cross of 3N x 2N 
leads us to believe that most of the seed set by triploids under field conditions 
results from natural cross-pollination with surrounding diploids rather than 
by selfing. Since both total yield of seed per plant and the germination of that 
seed are low, it was necessary to harvest seed from a rather large number, 
approximately 50, triploid plants. 

Root-tip chromosomes of each seedling derived from triploids were counted 
in routine fashion during the first years of this investigation. After gaining 
familiarity with the trisomic types, it was possible to classify by phenotypic 
characters all of the triploid progeny except occasional questionable plants, 
which were subjected to cytological examination. Chromosome counts were 
made of approximately half the plants listed in the left-hand section of table 3. 
The cytological preparations were made by fixing root tips in slightly chilled 
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KXarpechenko’s solution, imbedding them in paraffin, staining the sections with 
iodine-gentian violet, and mounting in the usual manner. 

The effects of a single extra chromosome on the growth and development 
of the tomato are so great that, in the field cultures that had previously been 
classified as to chromosome number, it soon became apparent that trisomic 
plants differ greatly from diploids, and, furthermore, that they could be 
classified into very easily recognized types (plates III and IV). Also, the effect 
of two and three extra chromosomes is so much greater than one that, with 
few exceptions, the double and triple trisomics could be distinguished from 
single trisomics by their morphology. As LESLEY (1928) previously reported, 
plants of the constitution 2N +3 are very weak, hence three is presumably 
the limit of extra chromosomes tolerated by the tomato. Among most of the 
double and triple trisomics it seemed possible to discern the morphological 
manifestation of each of the extra chromosomes present, but, owing to the 
high degree of sterility, very few permitted progeny tests of such predictions. 
It is also significant of the low level of chromosomal unbalance tolerated by 
the tomato that, in spite of the large number of triploid offspring sampled, no 
plants with the chromosome numbers 3N — 1 or 3N —2 were encountered. The 
frequencies of the various unbalanced types thus obtained are given in table 3. 

Each of the trisomic types was maintained as a stock by repeated back- 
crossing to the diploid line 2-72, which had been rendered completely homozy- 
gous by its derivation by chromosome doubling from a haploid of the San 
Marzano variety. 


CYTOLOGICAL IDENTIFICATION OF THE TRISOMICS 


Meiotic chromosomes of each of the established morphological types were 
studied according to the procedure previously described (Barton 1950). Buds 
were fixed in 3:1 alcohol-acetic acid, transferred to 80 percent alcohol for 
storage, and stained with aceto-carmine following a ferric ammonium sulfate 
mordant. 

The cytological analysis was facilitated by following a series of steps in the 
establishment and identification of the trisomic chromosomes. As the first 
step, a detailed study of diakinesis furnishes information that can greatly assist 
in interpreting subsequently examined pachytene figures. The type of associa- 
tion indicates whether the extra chromosome represents a trisome of primary, 
secondary, or tertiary type. Also, trivalents of chromosomes 1 and 2, by virtue 
of their major morphological differences, can be identified readily at this stage. 
In all cases, however, as the second step, the three chromosomes present in 
the trivalent were studied in detail at pachytene to be certain that they did 
not suffer deficiencies or other irregularities. 

Chromosome numbers observed at meiosis in all cases confirmed those 
previously counted in root-tip mitoses. 

Eleven of the twelve aforementioned morphological extra-chromosomal 
types were identified cytologically at pachytene as primary trisomics, each 


member of the tomato complement being represented except chromosome 6. 
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Although cytological analysis on the last morphological type was attempted in 
repeated collections of buds, the material is so unfavorable that chromosomes 
are poorly differentiated and badly clumped even in diakinesis and metaphase. 
Occasional figures were sufficiently clear, however, to suggest that chromo- 
some 6 is involved in the trisomic association of this morphological type, but 
it could not be established with certainty that the association was that of a 
primary trisomic. Photomicrographs of pachytene figures together with inter- 
pretive drawings of all primary trisomics except 5 and 6 are shown in plates 
I and II respectively. 

The following genetic evidence is in keeping with the interpretation that the 
remaining morphological type is, in fact, the primary trisomic of chromosome 
6. Plants of this very distinct type have appeared on six independent occasions 
in the progeny of triploids (table 3). Furthermore, in their extra-chromosomal 


TABLE 1 


Associations of chromosomes at diakinesis in trisomics (in percent). 
Percentages are derived from a count of 50 cells. 











Chromosome lly x ly 123 x ly lly x 37 

1 64 34 2 
2° 68 28 4 
3 70 26 4 
4 56 44 0 
5 50 44 6 
6** 
7 36 48 16 
8 24 68 8 
9 42 50 8 

10 46 46 8 

ll 50 44 6 

12 24 70 12 

*Prometaphase. 


**Not available. 
progeny, plants of this type yield only their own type, although at a low fre- 
quency, and not primary trisomics of other types, which would be expected 
if it were a secondary, tertiary, or fragmented type. 

The photomicrographs of plate I reveal an outstanding feature of the cytol- 
ogy of the trisomics. The various types are quite different in stainability and 
clumping of chromosomes, and in darkening of PMC cytoplasm. This varia- 
tion primarily accounts for the difference in contrast and density evident in 
the various figures of plate I. Material of trisomics 2, 8 and 12 always smears 
and stains well. On the other hand, meiotic figures of trisomics 5, 6, 10 and 11 
are poorly differentiated; chromosomes tend to clump; and the cytoplasm 
tends to become muddy after staining. 

The primary trisomics differ greatly in the frequency of various associations 
at diakinesis (table 1). The type of association is roughly correlated with 
chromosome length, the longer the chromosome, the greater the tendency for 
it to associate in trivalents. Er1nset (1942) likewise found that in the pri- 
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PLATE | 


Photomicrographs of meiotic chromosomes. 1500. Figures 1 and 2 are in dia- 
kinesis, the remainder are in pachytene. Each figure except no. 1, 2, and 8 are interpreted 
in diagrams with the same figure no. in plate I] 

Figure 1.—Trisomic chromosome 1. FiGure 2.—Trisomic chromosome 2. FiGure 3. 

Trisomic chromosome 3. Ficure 4.—Trisomic chromosome 4. FiGure 5.—Trisomic 
chromosome 7. Ficure 6.—Trisomic chromosome 8. FIGURE 7.—Trisomic chromosome 
9. Figure 8.—Unpaired chromosome 10 in trisomic. FIGURE 9.—Trisomic chromosome 


11. Ficure 10.—Trisomic chromosome 12. 
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PLATE II 


Diagram of photomicrographs in Plate I. Figure numbers correspond to those of 
Plate I. 
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mary trisomics of maize the length of the chromosome is positively correlated 
with the proportion of trivalent pairing in late meiotic prophase. 

The cytological studies can be summarized by stating that 11 of the 12 es- 
tablished morphological types have been identified as primary trisomics and 
that it is very likely that the remaining morphological type is the primary 
trisomic for the remaining chromosome. It is logical, therefore, that these 
trisomics be designated hereafter according to the numbers based on pachytene 
chromosome length, which have already been applied (Barton 1950). 


MORPHOLOGY OF THE PRIMARY TRISOMICS 


The outstanding morphological traits of the tomato primary trisomics are 
recorded here because they prove to be extremely useful in the genetic analysis 
of linkage groups and in other respects. But, since most of the types have 
been illustrated and described by LEsLEy (1928, 1932), a detailed complete 
description need not be presented here. Instead, the characteristics of each 
type that are most useful for identification are presented in table 2 and plates 
III and IV, and other features of special significance are discussed herewith. 

Environmental conditions prevailing in the field in midsummer are ideal 
for the expression of the differentiating morphological characters of the tri- 
somics. On the contrary, under greenhouse conditions throughout the year, 
but especially in midwinter, it becomes much more difficult to distinguish the 
trisomics from each other and from diploids. All of our descriptions apply to 
field-grown plants. 

Each primary trisomic has such distinctive morphology that, with relatively 
little practice, a worker can readily distinguish each of the twelve types. As 
with the classical Datura trisomics (BLAKESLEE and BELLING 1924), the 
extra chromosome often affects the development of many parts of the plant 
in the same fashion. Thus, an extra chromosome that modifies the shape of 
leaves in a certain fashion usually also exerts a similar modification of shape 
of other organs of the plant. Many examples of this general influence on 
form can be seen in the accompanying outline drawings of typical leaves 
(plate III), flowers, and fruits (plate IV). The elongation in the shape of 
leaf segments induced by chromosome 4 (plate II1-4), for example, is matched 
by a similar influence on the development of flowers (plate IV-4), fruits 
(plate IV-4), and stems (table 2), all of which are also long and slender. 
Chromosome 3 modifies the shape of organs in a similar manner (plates III-3, 
IV-3). General alterations of shape of an opposite nature, i.e. toward shorter 
and broader parts, can be seen in the trisomics of chromosomes 5, 10 and 11. 


As an aid to identification of the trisomics, it should be observed here that, 
in addition to the features presented in plates III and IV and table 2, the 
general aspect of the plants of each trisomic type is very distinctive. Such 
characteristics as leaf shape, leaf color, texture of leaf surface, internode length, 
degree of branching, height, spread, and growth structure of the plant all 
contribute to the general aspect of the plant as viewed from distances of 10 
to 50 feet. Considering how much the trisomics differ in each of these con- 
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Outlines of representative leaves of diploid (2N) and trisomics. 1/6. 


Numbers 
correspond to those of the extra chromosomes. 
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PLATE IV 


Outlines of representative flowers (X %4) and fruits (*& %) of diploid (2N) and 
trisomics. Numbers correspond to those of the extra chromosomes. 
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tributing characters, it is small wonder that they should differ so greatly 
when these are considered collectively. In addition, the twelve types exhibit a 
range in vigor from triplo-1, which is extremely stunted and weak, growing 
only about five percent as large as the diploid, to triplo-12, which is almost as 
vigorous as the diploid. Such comparisons are valid only if unpollinated male- 
sterile or other correspondingly unfruitful genotypes are adopted as the com- 
parative diploids, since many of the trisomics gain appreciable vegetative 
vigor by virtue of their unfruitfulness. The degree of vigor is roughly corre- 
lated inversely with the length of the pachytene chromosome, but several of 
the shorter types (triplo-7 and 8) are comparatively weak and two of the 
longer (triplo-3 and 6) are relatively vigorous. 

Differences between the trisomics and between them and the diploid in 
ecological requirements constitute an interesting effect of the extra chromo- 
somes. No attempt has been made in this work to measure such differences, 
but many of them are so great and have been observed so consistently in many 
plants of each of the various types that they deserve mention here. 

In respect to general vigor, triplo-1, 2 and 9 perform much better in green- 
house culture than under field conditions. The extreme example of this differ- 
ence is provided by triplo-1, which grows so poorly in the field that it was 
thought at first that it would not permit of any genetic analysis. Grown there, 
most of the flower buds abort before opening, and the few that succeed in 
reaching anthesis are greatly distorted (plate III-1) and have never set fruit 
even after careful cross-pollination. In the greenhouse, on the other hand, 
flowering and fruiting are nearly normal; in fact, the seed yields rank among 
the best of the trisomics. Increased susceptibility to wilt diseases, which are 
more severe in the field than greenhouse, is suspected to account for the dif- 
ferences in growth of triplo-2 and 9; most field-grown plants of these types 
display the wilting of only a portion of the plant and the depauperate growth 
that is characteristic of Fusarium wilt, yet the plants seldom succumb com- 
pletely. 

Blossom-end rot, a physiological disease associated with upset water rela- 
tions, is much more severe in the fruits of triplo-3 and 4 than in any of the 
other types. It might be significant that these two types also have the most 
elongated fruits of any of the trisomics. In respect to the symptoms of this 
disease, these two trisomics provide good examples of less satisfactory per- 
formance under greenhouse than field conditions. 

Of the possible responsible environmental factors, light intensity and hu- 
midity are suspected to account for the differential behavior in greenhouse and 
field of the aforementioned trisomics. Temperature is not likely important 
because the differences in form and behavior remain very great between the 
two sites in summer, when the range of temperatures is similar, as well as in 
winter, when greenhouse temperatures are much lower. 

Another important practical aspect of trisomic morphology is the expres- 
sion of differences in the seedling stage. Knowledge of such differences can 
aid materially in reducing the size of populations of stock cultures and F; 
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hybrids by permitting early identification of the trisomic plants and elimina- 
tion of undesired diploids. Trisomic seedlings of all types save possibly triplo-3 
and 12 are so much slower in growth and paler in color that they can be readily 
distinguished from diploid seedlings at a very early stage. It is quite possible 
that with additional experience one might also identify seedlings of the seem- 
ingly exceptional triplo-3 and 12. 

The seedlings of several types are remarkably well distinguished from sister 
diploid seedlings. Triplo-5, for instance, remains very much smaller and more 
compact than the diploid. Seedlings of triplo-8 are characterized by leaves of 
glossy convex surface at a very early stage. Of the seedlings of triplo-9, an- 
other trisomic that is very distinctive in this respect, about half lose their 
meristems and thus unfortunately cease all further growth after one or two 


true leaves appear, or even in the cotyledon stage. 
RATES OF TRANSMISSION 


The frequencies of diploids and unbalanced chromosomal types in the prog- 
enies of triploids are presented as part of table 3. Trisomic plants account for 
42.7 percent of the total while diploids, double and triple trisomics, triploids 
and unidentified plants constitute the remainder. 

The trisomic types differ greatly in frequency according to the extra chro- 
mosome present, varying from 0.3 percent, the proportion among all single 
trisomics of triplo-11, to 23.1 for triplo-4. The departure from random dis- 

TABLE 3 


Frequencies of transmission of the tomato trisomics. 

















Frequency in progenies Frequency in progenies Frequency in progenies 
iiiiiiiinaias of triploids of (2N + 1) X 2N of 2N + 1 selfed 
no. Percent Total Total 
No. Percent of all 2N+1 2N+1 Percent ony on yy Percent 
otal 2N+1 and 2N ants sed Mi sia 
2N 303 37.9 
2N +1 342 42.7 
Chromosome: 
l 4 0.5 i. 439 20 4.6 
2 26 3.3 7.6 409 18 4.4 193 16 8.3 
3 13 1.6 3.8 661 7 1.1 
4 79 9.9 23.1 311 77 24.7 467 146 31.3 
5 50 6.3 14.6 598 133 22.2 344 88 25.6 
6 6 0.7 bat 224 1 0.44 
7 28 3.5 8.2 593 88 14.8 294 53 18.0 
8 37 4.6 10.8 717 156 21.7 772 193 25.0 
9° 22 2.7 6.4 517 86 16.6 423 70 16.5 
10 44 5.5 12.9 666 133 20.0 237 55 23.2 
ll 1 0.1 0.3 415 61 14.6 627 116 18.5 
12 32 4.0 9.3 476 75 IS.7 300 52 17.3 
2N +2 131 16.4 
2N + 3 7 0.9 
3N 2 0.3 
Not identified 14 L.7 
Total 799 99.9 99.9 








*Numbers of trisomics do not include a large proportion of triplo-9 seedlings that lack 
growing points. See text. 


PRIMARY TRISOMICS OF THE TOMATO 653 


tribution of extra chromosomes from the triploids to their progeny is highly 
significant and must reflect differences in the viability of gametophytes and/or 
zygotes imparted by the different extra chromosomes. 

The remainder of table 3 is devoted to the frequencies of appearance of 
trisomic plants in the offspring of each trisomic type. Excepting triplo-9, the 
proportion of trisomic plants is higher in the progeny of each self-pollinated 
trisomic than in the progeny of the corresponding trisomic pollinated by the 
diploid. Although this difference might reflect to some extent transmission 
of the extra chromosome through pollen, it is more likely explained by the 
higher ovule transmission of the former group, which were very heterozygous, 
in contrast to the latter group, which were all of pure stock. LEsLEy (1928) 
observed that the rates of transmission were considerably higher in hybrid 
than in homozygous trisomics. No attempt was made in the present study to 
determine more precisely the rates of transmission of the extra chromosomes 
through pollen. 

The rates of transmission through ovules of most of the trisomic types are 
sufficiently high to permit easy recovery of the extra chromosome for genetic 
studies. The rates of triplo-3 and triplo-6 are so low, however, that rather 
large progenies must be grown to provide the desired trisomic offspring of 
these types. The very low rates of recovery together with the low level of 
seed fertility render these two trisomics the least satisfactory for genetic 
study and account for the delay in our reporting genetic identification of 
these types. 

The rates of transmission to Fy, families by hybrid trisomics observed by us 
are generally lower than those reported by LesLey (1928, 1932). For example, 
the extra chromosome in triplo-2 appeared in 8.3 percent of our progenies and 
in 23 percent of LesLey’s cultures; for triplo-4 the respective percentages 
are 31.3 and 80 percent ; for triplo-5, 25.6 and 20 to 26.7 percent ; for triplo-7, 
18.0 and 32 percent; for triplo-8, 25.0 and 37 percent; for triplo-9, 16.5 and 
14 percent; and for triplo-12, 17.3 and 17 to 20 percent. The identity of the 
extra chromosome could scarcely be in error because the types agree in mor- 
phological characters, which are so strikingly different for each primary tri- 
somic ; furthermore, for triplo-2 and triplo-8, the extra chromosome has been 
identified genetically in both experiments ; and, finally, for triplo-2, the chromo- 
some was also identified cytologically in both studies by virtue of its relation 
with the nucleolus. 

In the course of our experiments it has been observed that the level of 
transmission is correlated to some extent with percentage germination, the 
relative yield of trisomics usually being higher in seed lots of better germina- 
tion. Since trisomic seedlings are weaker and slower to emerge, the proportion 
of trisomics might be expected to drop if conditions for germination become 
less favorable. Although variable germination might account for part of the 
discrepancies, it hardly seems possible that differences in germination could 
account entirely for such extreme differences between LesLEy’s and our re- 
sults as those reported for triplo-2 and triplo-4. This relationship between 
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transmission rates and germination percentages suggests that the same kind 
of elimination might account, at least in part, for differences in rates of trans- 
mission of the extra chromosome in the different trisomics. 

In general, the frequency of transmission of each extra chromosome from 
triploids (left portion of table 3) corresponds reasonably well with trans- 
mission in progeny of the same trisomic (right portion of table 3). Thus, 
with one exception, the six chromosomes that are transmitted most frequently 
in progenies of (2N +1) x 2N are the six that are represented most frequently 
in the progeny of triploids. The greatest deviation from this relationship is 
provided by triplo-11, which was recovered only once in a total of 799 seed- 
lings of triploids, yet was found in 14.6 percent of the progeny of its own type. 
Discussion of this contradictory situation is deferred until a subsequent section. 

The interesting relations between chromosome length, degree of pairing, 
and transmission rates deserve consideration, but we are postponing treat- 
ment of these matters for later publication. 


GENETIC IDENTIFICATION OF THE TRISOMICS 


The ease with which the tomato trisomics can be identified phenotypically, 
even in progenies segregating for many genes, greatly facilitates genetic an- 
alysis. The appearance of an appreciable proportion of homozygous recessive 
trisomics in the progeny of a trisomic hybrid having one dose of the recessive 
gene proves that the segregating gene cannot be located on the extra chromo- 
some of the given trisomic even if complete chromatid segregation is as- 
sumed. Thus it is often possible to discontinue scoring a population as soon as 
a number of recessive trisomics are encountered. 

Up to the present time tests have been completed for the inheritance of 12 
genes in 10 of the trisomic types. The tested genes are d (d,) (linkage group 
I according to YouNG and MAcArtuur 1947), r (11), y (IIT), ¢ (IV), 
a (a,) (V),/1 (V1), HW (treated as a recessive) (VII), al (a2) (VIII), wt 
(X), mc (XII according to BUTLER 1951), dl (Rick 1947; linkage relations 
unknown ), and wd (Rick 1952; linkage relations unknown). Results obtained 
with the additional genes j and f agree with those for a, all of which are known 
to lie in the same linkage group. The chromosomes against which these genes 
were tested by the trisomic method are 1, 2, 4, 5, 7, 8, 9, 10, 11 and 12. 

The variety San Marzano, in which all the trisomic types were obtained, 
is homozygous for the normal (+) alleles of all genes tested. The trisomics 
were crossed as female parents with diploid stocks, each of which was homozy- 
gous for a number of mutant genes. The use of these multiple-gene stocks 
has several important advantages. In the first place, the efficiency of the tri- 
somic method is thereby greatly improved. By balancing the minimum number 
of plants required for condensation of new marker genes into a single stock 
against the number of plants required for adequate trisomic tests (disregard- 
ing the number of generations required for these condensations), it can be 
calculated that the most “ efficient ’’ number of genes to be combined into a 


single stock is three or four. Another advantage of the multiple-gene stocks 








PRIMARY TRISOMICS OF THE TOMATO 65 


wn 


is the aid they afford in detecting contamination by foreign pollen or by un- 
desired seed mixtures. In either instance the contamination can be detected by 
simultaneous deflection in the same direction of the ratios of all genes. False 
indications of trisomic segregation that might be gained from contamination 
by seed or pollen with dominant alleles can often thereby be apprehended. 
Second-generation segregation was adopted for the tests instead of the 
backcross to multiple-gene stocks for the following two reasons. In the first 
place, a somewhat smaller population will discriminate between disomic and 
trisomic segregation. Thus, if it be assumed that no trisomic plants appear in 
the progenies, the number of plants that would be needed to discriminate be- 
tween the fiducial limits of the two types of segregation at the five percent 
level in Fy is 122, whereas in BC it is 137. Since trisomic plants, in which 
trisomic segregation is very diagnostic, appear in nearly all progenies, the 
smaller population size of 100 was adopted for these tests. As revealed by 
the data, this and even smaller numbers proved adequate. Another advantage 


tunity for contamination than the BC. 


of the F, is that with tomatoes it is easier to produce and allows less oppor- 


In a few instances in which pollen sterility of the trisomic hybrid proved 
too high to permit selfing it was necessary to resort to the BC. 

The observed segregations, separated into their respective diploid and 
trisomic components, are given in table 4. Only nine of the total of 106 seg- 
regations reported here fail to discriminate at the five percent level between 
disomic and trisomic segregation; that is, at this level of significance the 
segregation of all individuals in these nine populations would fit either disomic 
or trisomic expectations. Small population size accounts for this shortcoming. 
Yet, thanks to the ease of distinguishing trisomics from diploids, sufficient 
homozygous recessive trisomics appeared in nearly all of these families to 
rule out the possibility of trisomic inheritance. Furthermore, highly significant 
trisomic segregation on a different chromosome for each gene in question 
renders it highly unlikely that trisomic segregation obtained in any of these 
doubtful populations. 

All segregations in table 4 that deviate significantly from disomic expecta- 
tion in having a deficiency of recessive homozygotes are listed in table 5 with 
values expected on the basis of disomic and trisomic segregation and with 
deviations from these expected values. In this table frequencies expected in 
trisomic inheritance were calculated assuming random chromatid assortment ; 
6.7 percent of the trisomic offspring would thereby be expected to be homo- 
zygous recessive in BC and 2.2 percent in Fo. 

Of the 11 populations in table 5, eight deviate at the one percent level and 
mostly at much lower levels of significance from expected disomic ratios, yet 
agree well with expected trisomic ratios. 

The three remaining populations differ significantly from disomic ratios 
expected in the diploid fraction or total in having a deficiency of recessives, 
but they also have much too high a proportion of homozygous recessive tri- 
somics to fit a trisomic ratio. The fact that the deficiency of homozygous r 
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and also of y was observed in the same population segregating for triplo-10 
suggested at first that it might have been contaminated in some way with 
dominant genes. Segregation for other genes in this family is normal, however, 
thereby ruling out the possibility of contamination. It is suggested that the 
homozygotes for these genes were somewhat less viable than the dominant 
phenotypes under the conditions of this test, thereby accounting for the sig- 
nificant deficiency. The lack of recessives in the remaining exceptional popu- 
lation, that segregating for H and trisomic for chromosome 4, might be 
explained by contamination by the dominant allele because a deficiency was 
also observed for the other genes, wt, j and f, segregating in the same pop- 
ulation. 

Only one population (segregating for al and triplo-5) in the 106 reported 
in table 4 shows a significant excess of recessive homozygotes above the 25 
percent expected in disomic inheritance. The deviation is significant only at 
the five percent level, however, and might therefore be anticipated in this 
number of samplings. 

The trisomic segregations establish the following relations between linkage 
groups and chromosomes: 


Chromosome Linkage group Gene 
1 Ill y 
2 I d 
7 X wt 
XII mc 
8 VI l 
VIII al 
dl 
9 wd 
10 VII H 


Trisomic segregation had previously been reported by LESLEY (1928, 1932) 
for the genes d (1), 7 (VI) andr (II). Accordingly the trisomic for chro- 
mosome 2 corresponds to LESLEy’s triplo-A and chromosome 8 to triplo-B. 
These identifications are confirmed also by agreement in morphological char- 
acters of the trisomics in the two investigations. The chromosome that corre- 
sponds to the r-carrying triplo-I has not yet been ascertained, but presumably 
it must be one of the remaining untested chromosomes: number 3 or 6. 
Judging from morphological comparisons it is most likely chromosome 3. 

The trisomic method has also succeeded in disproving the independence of 
groups X and XII and of VI and VIII, and in adding another gene, d/, to the 
latter group. Additional linkages between the remaining unidentified groups 
are inevitable because the remaining two chromosomes, 3 and 6 must share 
the three remaining linkage groups that were included in this study (II, IV, 
and V). Likewise, it must also follow that no genes in the tested linkage 
groups can be located on chromosomes 4, 5, 11 or 12. 

The present investigation has identified the three genes, / (VI), al (VIII), 
and d/ with chromosome 8. This relationship has recently been verified by 


Rosinson and Rick (unpublished) in linkage analysis of F. populations 
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segregating for all possible combinations of these genes taken two at a time. 
According to these tests, / and d/ are linked with about 38 units of crossing 
over; al and dl also appear to be linked although the indication of linkage is 
not significant ; while / and al, as in the experience of other workers (YouNG 
and MacArTHUR 1947), are apparently too far apart to manifest linkage. 
The order of these genes on chromosome 8 therefore appears to be | - dl - al. 

The assignment of wt (X) to chromosome 7 and the independence of the 
genes a and j (V) of any chromosome yet tested by the trisomic method 
disagree with a recent report of linkage between wt and j. BUTLER (1951) 
concluded from extensive Fy, data that wt and j are linked with about 38 
units, although this linkage was not indicated by a small BC population in 
the same study. On the basis of a linkage value of 47.5 + 1.0 between wt and 
If, a gene that appears to be very tightly linked with 7, MacArtTHurR (1934) 
concluded that they were independent. 


TABLE 6 
Summary of linkage data for wt and j (coupling phase). 

















++ +wt j+ jwt Total 
Backcross 
Observed 57 50 72 45 224 
Expected 
(contingency) 61.6 45.4 67.4 49.6 224 
Deviation —4.6 +4.6 +4.6 —4.6 
x? (1 df) 0.34 0.47 0.31 0.43 1.55 
F, 
Observed 347 93 102 31 573 
Expected 
(contingency) 344.8 95.2 104.2 28.8 573 
Deviation +2.2 —2.2 ~—2.2 +2.2 
x? (1 df) 0.01 0.05 0.05 0.17 0.28 








The genes wt, j, and /f also segregated in the same families in some of our 
material, giving opportunity for a limited test of linkage. Table 6 presents Fe 
and BC segregations for wt and 7; no crossovers were observed between j 
and /f. Wilty (wt) segregates are deficient in both BC and Fs, but significantly 
so only in BC, and there only at the five percent level. The deficiency may 
represent improper identification since in our experience a small proportion 
of every population cannot be accurately classified for wt. If account is taken 
of these discrepancies by calculating expected values according to the con- 
tingency method, the observed values do not deviate significantly from random 
recombination ; furthermore, the small deviations are in the opposite direction 
from those expected of linked genes. 

The evidence from independent tests of the linkage relations of wt and 
j determined by the usual genetic methods is therefore contradictory. 

If both genes were located on the same chromosome, each should yield 
trisomic ratios when tested against this chromosome. The fact that neither a 
(also on V) nor j have segregated in this fashion in triplo-7 might suggest 
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that the stocks used in the two experiments differ in a translocation between 
chromosome 7 and some other member of the complement. This proposal is 
ruled out, however, because the same genetic tester stock was used as the 
source of a, j and wt in all of the experiments reported and cited here; fur- 
thermore, no cytological evidence of a translocation has been observed in 
hybrids between any of the stocks that we have used. 

Considering the large linkage distance reported by BUTLER and the con- 
flicting evidence of independence reported by others on one hand and the 
clear-cut indication of independence obtained from the trisomic method on the 
other, we are led to believe that the groups previously designated V and X 
must be located on different chromosomes. The tendency in some tests for 
wt to segregate in association with j and /f might be attributed to some type 
of developmental association in the action of these genes that might lead to 
misclassification, thereby giving a spurious indication of linkage. 


ANOMALOUS FEATURES OF TRIPLO-11 


Triplo-11 differs from the other trisomics in two anomalous aspects. In 
the first place, it has been encountered only once in the progeny of triploids, 
that is, it constituted only 0.3 percent of the total number of trisomic indi- 
viduals obtained from triploids, whereas the recovery of this type in progenies 
of (2N+1)x2N is very much greater, amounting to 14.7 percent (61 in a 
total of 415) (table 3). The second peculiarity concerns the appearance of 
other trisomic types in its progeny ; triplo-7 and triplo-10 appear consistently, 
but at a lower frequency than triplo-11. Thus, in a total of 415 offspring of 
triplo-11, 61 (14.7 percent) were triplo-11, 3 (0.7 percent) were triplo-7, 
and 13 (3.1 percent) were triplo-10. Deviating types have also been observed 
in the progeny of other trisomics, but at a very much lower frequency, pre- 
sumably resulting from sporadic non-disjunction. 

In both of these respects, rarity in the progeny of triploids and segregation 
of two other primary trisomics, triplo-11 behaves as if it were a translocated 
or tertiary trisomic. In the irregular meiosis of triploids, chromosomes pre- 
sumably have opportunity for breakage and subsequent fusion into new asso- 
ciations. Tertiary trisomics of a given combination thereby produced might 
be expected to be rather rare. The association at meiosis of the tertiary trisome 
with the two pairs of chromosomes with which it is partially homologous, 
moreover, would lead to the production of gametes with extra chromosomes 
of either of the latter pairs. 

However nicely the tertiary trisomic hypothesis might explain the anom- 
alous transmission features of triplo-11, it is not verified by the cytological 
observations. It is contradicted by the identification of chromosome 11 in 
pachytene of this trisomic (plate I-9). The members of the trivalent in all 
preparations of this trisomic type are typically chromosome 11 and could 
scarcely be confused with any combination of parts of chromosomes 7 and 10. 
Cytological examination has likewise failed to confirm the existence of a 
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pentavalent association that would be expected in at least a portion of the 
preparations of triplo-11 if it were a tertiary trisomic. 

The genetic information that has accrued to the present time does not indi- 
cate that triplo-11 is a tertiary type, although critical data to discriminate 
between the two hypotheses are still lacking. By means of the trisomic method 
wt and mc have been located on chromosome 7 and H on chromosome 10, 
but none of these genes has given trisomic segregation in the appropriate 
tests with chromosome 11. It is still within reasonable probability, of course, 
that the extra chromosome of the hypothetical tertiary might consist of a part 
of chromosome 7 that does not include loci of wt or me together with a part 
of 10 that does not bear H. Rigorous genetic proof will be provided by genes 
that can be located by the trisomic method on triplo-11. 

On the basis of this evidence we conclude that triplo-11 is a primary 
trisomic. 

DISCUSSION 
Morphological comparisons between the phenotypes of the trisomics 
and genes located on the respective extra chromosomes 

Up to the present time 30 genes with major effects have been located on 
chromosomes 1, 2, 7, 8, 9 and 10. When the phenotypes wrought by these 
genes are compared with those of the corresponding trisomics, 25 prove to bear 
no apparent relation to the respective trisomic, two deviate from the normal 
phenotype in the same direction as the trisomic does from the diploid, and 
three deviate in the opposite direction. The paucity of examples of the latter 
type, which would be expected if qualitative genes were responsible for the 
morphological differences of the trisomics, bears out the earlier observations 
of BLAKESLEE and his associates in Datura and LESLEy in Lycopersicon that 
little if any relationship exists between qualitative genes and their respective 
trisomics. Incompletely dominant genes of less drastic effect are more likely 
responsible. 


The nature of the tomato genome 


As already demonstrated, single extra chromosomes exert a profound effect 
on the morphology of the tomato and also reduce vigor and fertility to an 
extent varying from roughly 10 to 90 percent of the diploid level. Further- 
more, as also outlined previously, the upper limit of unbalance for the tomato 
is three extra chromosomes. These facts are interpreted to indicate that, de- 
spite the large number of chromosomes, the tomato behaves as a basic diploid 
species with very little, if any, duplication within its genome. 

Several other facts lend support to this view. In the first place, we have 
attempted to produce monosomics without success from such likely sources 
as haploids, asynaptics and trisomics. Despite a search in many hundreds of 
offspring, some of which were reared in aseptic embryo culture, no plant with 
less than 24 chromosomes has yet been encountered. The degree of unbal- 
ance occasioned by the absence of a single whole chromosome thus evidently 
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exceeds the limits of viability in the tomato. Less extreme deficiencies than 
those of monosomics, however, can be viable, for SEN (1952) reports that 
in two instances the substitution of an isochromosome for one of the normal 
complement is not lethal. 

If an appreciable amount of chromatin were duplicated in the normal tomato 
complement, the expression of many recessive mutations might be masked by 
duplicated parts that retain dominant alleles. In this respect also the tomato 
behaves as a basic diploid, for it is particularly rich in monogenic mutations 
that determine sharply distinguished morphological characters. New mutants 
are being discovered at such a rate that the count in a manuscript is out of 
date by the time it is published. According to our count, including mutants 
described in Reports of the Tomato Genetics Cooperative, the number of 
mutant loci now known is at least 104. 

Factor interaction of the duplicate type is also a normal consequence of 
complete or partial polyploidy. The only example of duplicate ratios in 
tomatoes of which we are aware is the one published by CURRENCE (1944) to 
account for exserted stigmas, and even this lone example lacks Fs; or other 
progeny tests that are needed for thorough proof of duplicate interaction. The 
absence or very infrequent occurrence of such interaction also suggests that 
the tomato is a basic diploid. 

All available cytogenetic facts therefore point to the conclusion that the 
tomato genome is relatively free of duplication of chromosomes or parts of 
chromosomes. 


SUM MARY 


Primary trisomics of Lycopersicon esculentum var. San Marzano were ob- 
tained from spontaneous triploids, the frequencies of the various chromosomal 
types in the progenies of which are given in the text. The trisomics could be 
classified into 12 types, which are readily recognized by their physiological 
and many gross morphological differences, the most diagnostic being enu- 
merated and illustrated. Eleven of the 12 types were identified cytologically 
as different primary trisomics. It is deemed likely for reasons presented that 
the remaining type constitutes the twelfth primary trisomic, although prepara- 
tions were not sufficiently clear to permit its cytological identification. The 
degree of trivalent pairing in late meiotic prophase was found to be roughly 
correlated with pachytene chromosome length. 

The frequency of each trisomic in the progeny of triploids varies approxi- 
mately with the rates of transmission in progenies of (2N+1) selfed and 
(2N +1) x2N. 

Genetic tests for the identification of linkage groups with their respective 
chromosomes were completed for 10 trisomics and 12 genes representing at 
least nine previously recognized linkage groups. The following relations be- 
tween chromosomes, genes, and linkage groups were found: 1—y (III) ; 2— 
d (1); 7—wt (X), mc (XII); 8—/ (VI), al (VIII), dl; 9—wd; 10—H 
(VII). 
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Comparisons reveal little or no relationship between the phenotypes of the 
trisomics and those of the genes of major effect known to be located on the 
respective extra chromosomes. 

The low level of chromosomal unbalance tolerated by the tomato and other 
lines of evidence are interpreted to indicate that this species is a basic diploid 
with little or no duplication within its genome. 
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A number of studies have been made by CastLe (1909, 1922, 1928, 1931, 
1934), CASTLE and Grecory (1929), GreGory and CAsTLE (1931), 
MacDowe Lt (1934), PUNNETT and BarLey (1918), PEase (1928) and 
KusHNER (1941) on size or weight inheritance in rabbits. The general result 
was that the size or weight of F,, Fs and backcross rabbits was intermediate 
to that of their parental breeds and did not show heterosis. This differs from 
the results obtained by Wricut (1922), GREEN (1931) and Eaton (194la, 
1941b) in the crossbreeding of guinea pigs and mice, and from those reported 
by Puituips, BLAcK, KNAPP and CLARK (1942), BAKER and QUESENBERRY 
(1944), DicKERson, LUSH and CULBERTSON (1946) and Hetzer, HANKINS 
and ZELLER (1951) for the crossbreeding of cattle and swine, in which het- 
erosis was found in the crossbred animals. Significant weight differences 
were observed between crosses and inbred strains of New Zealand White 
rabbits in experiments conducted at the Agricultural Research Center, Belts- 
ville, Maryland. The results of these experiments as to growth, birth weight, 
and slaughter weight at 180 days of age, of the crossbred and inbred rabbits 
were studied and reported in this paper. 


MATERIAL AND METHODS 

Four strains of New Zealand White rabbits were used at the Agricultural 
Research Center, Beltsville, Maryland, in 1938. They were “ Barone” from 
a rabbitry in New Haven, Connecticut; “ Buescher” and “ Smith” from 
Fontana, California; and “* Calhoun ” from Georgetown, Delaware. Inbreeding 
of these strains by means of parent-offspring and half-brother-sister matings 
was carried on at the Research Center. After four or five generations of in- 
breeding, reciprocal crosses were made between these strains, and F. and 
backcross generations were obtained from the F,’s and the inbred animals. 
Birth weight and weights at the ages of 30, 60, 90, 120, 150 and 180 days 
were recorded for every young rabbit. The body weight at 180 days was re- 
garded as slaughter weight. The records of 915 rabbits, offspring of 35 sires 
and 85 dams, from 241 litters, reared from 1942 through 1949, were used for 
this study. The number of animals in each strain and cross is shown in table 1. 
All animals, after weaning, were fed on a concentrate ration of 60 grams of 
pellets per animal per day, and alfalfa hay was available at all times. Greens 
such as cabbage and kale in winter and clover or grass through the growing 
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season were given every other day. The young animals were weaned at 60 
days and then kept in floor cages or separate cages. 

The methods of analysis of variance described by FisHer (1946) and 
SNEDECOR (1948) were used to calculate the variances due to various sources 
for the inbred strains, F,, F2 and backcross generations. The error variances 
were used to calculate standard errors of the mean birth weight and slaughter 
weight for the different breeding groups. 

Heterosis was determined by comparing the means of the crossbred groups 
with the geometric means of the corresponding inbred parental strains. Sig- 
nificance was determined by means of the t-test. 


RESULTS AND DISCUSSION 


The average birth weight and the weights at different ages for the rabbits 
of the four inbred strains and their crossbred F,, F2 and backcross generations 
are listed in table 1. The body weight of the inbred strains, Barone and 
Buescher, was significantly smaller than that of Calhoun and Smith at the 


TABLE 1 
Average body weight (grams) of rabbits at different ages. 








Strains and . 30 60 90 120 150 180 
cross groups No. Bisth days days days days days days 
Barone 106 59 469 1370 1996 2462 2824 3031 
Buescher 12 59 553 1538 2177 2670 3030 3151 
Calhoun 138 60 481 1408 2192 2762 3117 3372 
Smith 78 57 486 1408 2230 2823 3254 3493 
F, 203 64 563 1654 2500 3051 3460 3704 
F, 94 61 527 1564 2364 2988 3363 3627 
Backcross 284 59 498 1468 2373 3004 3401 3643 





age of 180 days; thus the two former groups were regarded as light strains, 
and the latter as heavy strains. However, the birth weight of the four strains 
differed very little. The birth weight of the Smith strain was the smallest of 
the four, but the body weight at 180 days was the largest. Different growth 
rates of the strains was the main reason for this. CASTLE and GreGory (1929) 
and GreGcory and CastLe (1931) studied the embryological basis of size 
inheritance in rabbits and found that the size difference between large and 
small races of rabbits started from the beginning of the development of their 
eggs and continued to differ in the rate of egg segmentation and cell division 
after the eggs had been fertilized. CastLeE (1922, 1929, 1931, 1934) reported 
that during the growth period of rabbits the body weight of the small race 
was always smaller than the large race and their different growth rates made 
the growth curves of the two races divergent. The rabbits used by CASTLE 
were different breeds; Flemish and Polish, with extreme differences in body 
weight, 5300 and 1500 grams respectively (CasTLe 1929). The rabbits used 
in this study were different inbred strains of the same breed, New Zealand 


White. 
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The F, generation had the largest average body weights from birth to 
slaughter at 180 days. The average body weight of the F2 generation also 
was larger than that of the inbred strains from birth to slaughter except at 
30 days, when it was exceeded by the Buescher strain. The body weight of 
the backcross generation exceeded that of the inbred strains, except at 30 
and 60 days, when it was smaller than the Buescher strain. 

Analysis of variance for the birth weight and slaughter weight of the inbred 
strains, F,, F. and backcross generations are shown in table 2. The differ- 
ences in slaughter weight between years, sexes, and strains are all highly 
significant in the inbred strains and the differences in birth weight are sig- 
nificant only between years and between sexes, but not between different 

TABLE 2 


Analyses of variance of birth weight and slaughter weight in rabbits. 




















Birth weight Slaughter weight 
Sources D.F. ees ” eae - 
square square 
Year 7 709.4 6.29** 1,589,083 53435°" 
Inbred Sex 1 568.0 5.03* 424,323 14.16** 
strains Strain 3 183.3 1.62 7,651,672 253.39°" 
Error 322 112.7 29,965 
Year 4 417.8 12,.39** 39,853 657°" 
F Sex 1 3.0 0.08 715,206 117.94** 
. Cross group - 724.0 21.48** 42,453 7e"" 
Error 180 33.7 6,064 
Year 2 779.5 7.34** 71,687 1.01 
F Sex 1 160.0 1.50 326,581 4.62* 
Cross group 3 322.3 3.03* 574,197 8.i2°° 
Error 86 106.1 70,678 
Year 3 1,647.8 58.43** 28,250 0.54 
Sex 1 44.0 1.56 3,435,484 66.67 ** 
POO Cs wie 6 1,108.0 39.29** 714,741 —«13.87%* 
Error 267 28.2 51,529 





** Highly significant at 1 percent level; * Significant at 5 percent level. 
strains. The differences in birth weight between sexes in the Fy, Fs. and 
backcross generations are not significant, but the differences in slaughter 
weight between sexes are. This indicates that males and females in crossbred 
generations differed in growth rate after birth. The error mean squares in 
table 2 show the ranges of variability in the different breeding groups of 
animals. The variability for both birth weight and slaughter weight in the F, 
generation is lower than that of all the other breeding groups except that of 
birth weight in the backcross generation. The variability for these two weight 
characters in the F, generation is the highest among the three crossbred 
groups. MacDoweE Lt (1914), PUNNetT and BarLey (1918), PEASE (1928) 
and CastLe (1929, 1931) reached the same conclusion for the body weight 
of rabbits. Small variability meant high uniformity which was seen in the 
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birth weight of the F, and backcross generations and also in the slaughter 
weight of the F, generation. A larger range of variability in the F2 generation 
indicated segregation of the quantitative genes which were responsible for 
the size difference of the animals. In the backcross generation, the birth weight 
was very uniform, but the slaughter weight showed a wider range of varia- 
bility. This may indicate that the growth rate of the backcross animals is more 
variable than the other groups. 

The average birth weight and slaughter weight of the males and females in 
the different breeding groups are listed in table 3. The table shows that the 
females, while nearly equal in birth weight in the crossbred groups, are sig- 
nificantly heavier than males at slaughter in these same groups. In the inbred 
strains, males tend to be heavier at both ages. PUNNETT and BaiLey (1918) 
obtained similar results in crossbreeding experiments with Flemish and mixed 
breeds in which the male and female Flemish rabbits had about the same av- 
erage mature weight, while the females of the crossbreds were significantly 
larger than the males. 

TABLE 3 


Average birth weight and slaughter weight of male and female rabbits 
in inbred strains and their crossbred generations. 























Nasties Birth weight Slaughter weight 
(grams) (grams) 

Male Female Male Female Male Female 
Barone 52 49 59 58 3078 2968 
Calhoun 71 65 61 58 3362 3377 
Smith 46 29 59 52 3529 4446 
Fy, generation 105 88 64 63 3646 3769 
F, generation 41 52 62 59 3557 3677 
Backcross generation 127 151 59 58 3522 3745 





The mean birth weight and slaughter weight of the F, rabbits from four 
sets of reciprocal crosses and those of their parental strains as well as the F; 
heterosis are listed in table 4. The F, rabbits from all the crosses had highly 
significant heterosis in slaughter weight, ranging from 12.1 to 17.9 percent 
greater than their parental strains. Only four of the F,; crosses had highly 
significant heterosis in birth weight. Differences between reciprocal crosses 
were significant for birth weight in three out of the four pairs of combinations, 
and significant for slaughter weight in only two combinations. The offspring 
from the three crosses in which heavy strains were used as dams were sig- 
nificantly heavier in birth weight than the offspring from their reciprocal 
crosses. The slaughter weights of the two crosses (Barone x Calhoun and 
Buescher x Smith), which had heavy strains as dams, were also significantly 
larger than that of their reciprocal crosses. Therefore the greater size from 
the “light sire x heavy dam” combinations was probably the result of the 
maternal effect which would be shown only in certain cross combinations. 


MarsHAK (1936) observed growth differences in reciprocal hybrids in mice, 
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and explained that a genome-cytoplasm interaction was involved in heterosis, 
and that the maternal influence on the growth of the zygote was through the 
cytoplasm of the egg. VENGE (1950) reported in his rabbit crossing and 
ova transplantation studies that 28 to 42 percent of the total variances in the 
birth weight of the Polish, Flemish Giant, Vienna Blue, and their hybrids 
was due to the maternal influence of intra-uterine environmental differences, 
and there was no cytoplasmic influence on birth weight. These differences in 
explanation may be due to the marked contrast between the strains used. 
In the case of mice, the intra-uterine differences would tend to be less than 
in the rabbits which showed extremes of size. The rabbits used in our study 
seem to resemble more closely the mouse crosses. Therefore the maternal 
influence shown here in heterosis probably should be explained according 
to MARSHAK’s assumption. This influence may be manifested not only through 
the embryonic stage as shown in birth weights, but may extend even to 180 
days of age in some cases. 

The mean birth weight and slaughter weight of the F. and backcross 
rabbits and those of their component strains and of their parental breeding 
groups are listed in tables 5 and 6. Heterosis of birth weight (table 5) was 
not manifested among the F.2’s when compared either with their component 
strains or with their parental breeding groups, except for the Buescher- 
Barone group, which showed significance at the 5 percent level. For slaughter 
weight, however, (table 6) highly significant heterosis was shown in the 
comparison made with their component strains. Similar results were ob- 
served with the backcrosses. Here significant heterosis of birth weight was 
shown in two combinations, both in comparisons with their component strains, 
and with their parental breeding groups. For slaughter weight, all backcross 
combinations showed highly significant heterosis in comparison with com- 
ponent strains, and in all but one group of the comparisons with parental 
breeding groups. 

The backcrosses, Barone x (Barone x Calhoun), and Barone x (Barone x 
Smith), both had the Barone strain as sire and as one member of the first 
cross. The difference in birth weight and slaughter weight between the off- 
spring of these two crosses might be regarded as the difference in reaction in 
the crosses between Calhoun and Smith. Similar cases were found in the 
crosses of Calhoun x (Calhoun x Barone) and Calhoun x (Calhoun x Bue- 
scher), and in Smith x (Smith x Barone) and Smith x (Smith x Buescher). 
The differences within the three sets of backcrosses were 15.7**, 3.4 and 
8.2** grams in birth weight, and 73.6, 215.7** and 123.8* grams in slaughter 
weight, respectively (** highly significant at 1 percent level, * significant at 
5 percent level). These indicated that Calhoun was significantly superior to 
Smith, and Buescher significantly superior to Barone in birth weight; and 
that Buescher was also significantly superior to Barone in slaughter weight 
in these crosses. 

The variations in the manifestation of heterosis as cited in the preceding 
paragraphs indicate that in some cases heterosis is apparent at birth, while 
in others it does not appear until a considerable period following birth. 
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Among rabbit crosses made by previous workers, only one cross, Polish x 
Himalayan (CastLe 1922), produced F, rabbits which were heavier than 
both parental races, and similar to the results obtained in our study. The body 
weight of the F; rabbits in CASTLE’s experiment was 45 percent heavier than 
the Polish, and 9 percent heavier than the Himalayan. However, KUSHNER 
(1941) crossed Flemish and Ermine, and White Giant and Ermine rabbits 
without weight heterosis in the F; generation, but observed heterosis in haemo- 
globin value, erythrocyte number, and viability. It was probable that the ex- 
tremely heavy rabbits, e.g., Flemish, had a larger number of effective quanti- 
tative growth genes than the extremely small rabbits, e.g., Polish; and that 
F, from extremely heavy and extremely small rabbits received half the effective 
growth genes from each parent, and became intermediate in size. Neverthe- 
less, the size of the F; rabbits was closer to that of the heavy parent as shown 
in previous rabbit exeriments. This probably was due to the influence of 
heterosis derived from certain pairs of effective allelic growth genes. The 
Polish and Himalayan rabbits used by CAsTLE (1922) were different in size, 
but not as extreme as in other crosses made by him and other previous work- 
ers. These two breeds might have a similar number of effective growth genes. 
Most of these genes were probably paired in the cross and produced heterosis, 
which made the F; animals heavier than both parental strains. The results 
obtained in our study might have a similar tendency to produce heterosis, 
although they were crosses between inbred strains of the same breed. 

The system of mating employed in the rabbits previous to coming to Belts- 
ville is not known, and the known inbreeding had been in progress only four 
or five generations before the crosses were made. The coefficient of inbreed- 
ing would probably be in the range of 40 to 50 percent. Deterioration due to 
inbreeding might occur during these generations. Therefore it is possible that 
the apparent heterosis in our experiments was simply due to a recovery from 
the depression of the early inbreeding effects. 


SUMMARY 


The birth weight and the slaughter weight at 180 days of age for 915 rabbits, 
of four inbred strains and their F,, F. and backcross generations, raised at the 
Agricultural Research Center, Beltsville, Maryland, were studied for heterosis 
in the crossbred generations. 

The body weights of the inbreds and crossbreds were compared, and the 
latter were found to be significantly larger than the inbreds after 90 days 
of age. 

The birth weight and slaughter weight of the F, generation were uniform, 
and had the lowest variability, while those of the F, generation had the highest 
variability. 

Significant heterosis for birth weight was found in five of the eight F, 
groups, and in two of the seven backcross groups. There was no heterosis 
for birth weight in the F, generation. The Fi, F2 and backcross generations 
showed significant heterosis in slaughter weight when compared with the 
slaughter weight of their component strains. When the hybrids were compared 
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with their parental breeding groups, the F2 generation showed no significant 
heterosis in slaughter weight. Maternal influence on heterosis was found in 
the reciprocal crosses. 

The growth or weight heterosis observed in these crosses was assumed to 
be the accumulated effects from a number of allelic growth genes, which were 
effective in producing heterosis in the crossbred combinations. The possibility 
was also that heterosis in these crosses might have been a recovery from the 
effects of inbreeding. 
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HE adaptability of a population will be a function of its capacity to pro- 

duce genotypes which will be adapted to conditions with which it need 
not ordinarily cope. Crossing over is one means whereby such new gene 
combinations arise; it is therefore a process of great evolutionary significance. 
Our knowledge of the mechanism of crossing over and of the factors which 
modify it is still far from satisfactory. The purpose of the present paper is to 
summarize the results of an extended analysis of interchromosomal effects of 
inversions on crossing over and how they come about. 

R. P. Levine and Dickinson (1952) have recently shown that crossing 
over in the X-chromosome of Drosophila pseudoobscura can be modified by 
the different inversions found in the III chromosome. Their results are in 
agreement with those of MorGANn, BripGEs and ScHULTz (1933) who found 
that crossing over in the II chromosome of D. melanogaster could be sig- 
nificantly increased in the presence of inversions in the X or III chromosomes 
of that species. Similar results were also obtained by STEINBERG (1936). 
More recently, CARSON (1953) has observed the same phenomenon in D. 
robusta. The present study compares the effect of three different III] chromo- 
some gene arrangements, the result of inversion, on crossing over in the X- 
chromosome of D. pseudoobscura. 


MATERIALS AND METHODS 


Three III chromosome inversions of the Pinon Flat population in the San 
Jacinto Mountains, southern California, were chosen for this study. Three 
structurally homozygous inversions known as Standard (ST), three of 
Chiricahua (CH) and two of Arrowhead (AR) obtained by PRoFEsSOR CARL 
Epiinc and Dr. Donacp F. MitcHeE t in 1950 were tested. They are among 
those recently used by DoszHaNsky and PaAviosky (1953) and Eptine, 
MitcHELL and Mattonr (1953). Each strain had been derived by pair 
matings of the offspring of a single female caught in nature. Each is thus 
presumed to be genetically different. Chromosomes derived from natural popu- 
lations of D. pseudoobscura are known to vary genetically as shown by the 
investigations of DopzHANSKy, HoLz and Spassky (1942), DoBpzHANSKy 
and Spassky (1944), and DoszHansxy (1946) in that they carry either 
recessive genes or gene complexes which, “ when homozygous, modify the 


1A portion of this work was done in the Department of Biology, Amherst College, 
Amherst, Massachusetts. P 
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viability, fertility, or development rate of the flies ” (WriGcuTt and DoszHAn- 
sky 1946). 

The eight III] chromosome strains referred to were combined in all possi- 
ble ways on a background of an X-chromosome marked with yellow body (y), 
singed bristles (sn) and vermillion eye (v). The inversion combinations 
which are given in the first column of table 1 have been subdivided into three 
major classes. The first class is that of the structurally homozygous III chro- 
mosomes, in which both chromosomes of the pair have the same origin in that 
they were derived by the method described above (e.g., ST-1/ST-1 or CH-a 
CH-a). These will be referred to as homozygotes. The seccnd class also con- 
sists of structural homozygotes but the two chromosomes of the pair have 
had a different origin, having been obtained from two different wild females 
(e.g., ST-1/ST-2 or CH-a/CH-b). These are called hetero-homozygotes. 
The third class, called heterozygotes, comprises the ST/AR, ST/CH and 
AR/CH structural heterozygotes in all possible combinations of the homo- 
zygous strains. A total of eight homozygotes, seven hetero-homozygotes and 
twenty-one heterozygotes were accordingly analyzed for crossing over in the 
X-chromosome. 

\ standard procedure was followed in order to determine crossing over in 
the X-chromosome. Virgin females of a desired II] chromosome combination, 
and heterozygous for a y suv X-chromosome, were mated to y suv males. 
The females were allowed to oviposit in 25 x95 mm shell vials on the usual 
cornmeal, molasses, agar and yeast medium. The parents were transferred to 
new food vials at three-day intervals to prevent overcrowding of the vials 
and to permit, if necessary, an analysis of the effect of female age on cross- 
ing over. Each of these 36 matings was replicated at least five times, and an 
attempt was made to obtain a total of at least 1000 flies in the test generation 
of each combination. Replication of each combination also permitted an analy- 
sis of the variation in crossing over from female to female within any given 
combination. All cultures in this experiment were maintained at 23°C. 

RESULTS 

The data are listed in table 1. Included in the table are the total number 
of flies counted, the number of non-crossover types, number of single cross- 
overs in the y-sn region (region 1), the number of single crossovers in the 
sn-v region (region 2), and the number of double crossovers (regions 1 and 
2). In addition, the percents of crossing over in regions 1 and 2 are given 
considering each double crossover twice along with the average total percent 
for the replications of a given combination. The values for each replication of 
the 36 combinations have not been given in order to conserve space. Three 
possible combinations, all involving CH-c, have been omitted because they did 
not produce 100 flies or more, for unknown reasons. These combinations are 
not, therefore, comparable with the others. 

The variation in crossing over in the replications of each inversion com- 
bination has been tested by chi-square, and the P values are given in the last 
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column of table 1. The P values range from less than 0.01 to 0.95. A chi- 
square test of the distribution of P values was performed by dividing the 
values into three groups: 1) P between 1.0 and 0.67; 2) P between 0.66 and 
0.34: and 3) P less than 0.34. Thus, with 33 inversion combinations there is 
an expectation of 11 P values in each group. The actual distribution of P 


TABLE 1 


X-Chromosome crossing over in the presence of different 
third chromosome inversion combinations. 

















z a. Single Single Double cin eek Avg. 
ombina- T C.0. c.0. c.0. ; : Total 
- otal cross- , ’ ‘ region region P 
tion overs ‘e8ion region regions 1 5 % 
1 2 1+2 c.o. 
ST-1/ST-1 2704 2427 228 49 0 8.43 1.81 11.00 0.55 
ST-2/ST-2 2204 1986 181 37 0 8.21 1.68 9.79 0.75 
ST-3/ST-3 2260 2011 217 31 1 9.65 1.42 10.50 0.50 
Homo- CHea/CH-a 1772 1516 212 44 0 11.96 2.48 13.82 0.70 
zygotes CH-b/CH-b 2374 2055 265 54 0 11.16 2.27 13.90 0.34 
Cicf/Glic .... a Gs on iw et a ome 
AR-e/AR-e 2091 1822 226 43 0 10.81 2.06 12.70 0.35 
AR-f/AR-f 3080 2594 410 73 1 13.34 247 15.75 O55 
ST-1/ST-2. 2513 2213 246 54 0 9.79 2.15 12.04 0.65 
ST-1/ST-3 3533 3132 326 71 4 9.34 2:12 2132 G35 
Hetero- ST-2/ST-3 1731 1511 188 32 0 10.86 1.85 12.78 0.25 
Homo- CH-a/CH-b 1984 1713 226 45 0 £1.59 2.247 23275 G75 
zygotes CH-ea/CH-c 1347 1090 208 49 0 15.44 3.64 19.00 0.23 
CHeb/Ciec .«.. 44 ae 2 bat “i ites ie ee 
AR-e/AR-f 1698 1436 219 42 1 12.96 2.53 14.82 <0.001 
ST-1/CH-a 2411 2027 305 79 0 12.65 3.48. 13.58 9.55 
ST-1/CH-b 1401 1189 179 33 0 12.78 2.36 15.29 0.13 
ST-1/CH-c 2048 1734 252 62 0 12.30 3.83 15.42 = O.82 
ST-2/CH-a 997 872 107 18 0 10.73 1.81 10.58 0.008 
ST-2/CH-b 2555 2220 269 60 6 10.76 2.58 13.32 0.43 
ST-2/CH-c 2272 1984 269 49 0 11.84 2.16 14.25 0.06 
ST-3/CH-a 2709 2408 252 48 1 9.34 1.81 11.34 0.43 
ST-3/CH-b 2835 2412 346 75 2 12.28 2.72 15.11 GOD 
ST-3/CH-c 2048 1780 223 45 0 10.89 2.20 12.95 0.65 
ST-1/AR-e 2117 1817 234 66 0 11.05 3.12 13.44 0.08 
Hetero- ST-1/AR-f 2048 1718 279 51 0 13.62 2.49 16.48 0.07 
zygotes ST-2/AR-e 2304 1978 262 62 2 11.46 2.78 15.78 <0.001 
ST-2/AR-f 1262 1048 175 38 1 13.95 3.09 17.19 0.45 
ST-3/AR-e 2387 2050 289 48 0 12.11 2.01 14.65 0.08 
ST-3/AR-f 2144 1793 289 60 2 13.57 2.89 16.20 0.18 
CHea/AR-e 2442 2075 289 78 0 11.83 3.19 15.02 0.85 
CHea/AR-f 2286 1925 291 68 2 12.82 3.06 15.93 0.26 
CH-b/AR-e 1424 1239 151 33 1 10.67 2.39 13.11 0.90 
CH-b/AR-f 1505 1298 170 36 1 11.36 2.46 13.96 0.48 
0 0 


CH-c/AR-e 1757 1510 208 39 


11.84 2.22 14.40 
CH-c/AR-f ee sees sons 





values is 6 in group one, 14 in group two, and 13 in group three. The P 
value of such a distribution is 0.17, a reasonable fit. 

The results set forth in table 1 will be discussed under three major groups 
of combinations; homozygotes, hetero-homozygotes and heterozygotes. This 
will be followed by a general analysis. When P values are mentioned they will 
have been derived by the Brandt-Snedecor chi-square test for homogeneity 
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(SNEDECOR 1946). Calculations for the chi-square comparisons between com- 
binations are based on the actual crossover values from the replications of 
each combination. For the crossing over values of a given combination refer- 
ence is to be made to table 1. 


Crossing over in homozygous inversion combinations 


AR homozygotes were found to have a significantly higher percentage of 
crossing over in the X-chromosome than the ST homozygotes. Neither the 
three ST homozygotes nor the CH homozygotes differ significantly in their 
X-chromosome crossover values (P =0.45 and 0.31, respectively). Since no 
differences of statistical significance were found between the different ST 
homozygotes they may be considered as a group. The same is true for the 
CH homozygotes. The two AR homozygotes gave a P value of 0.004, indi- 
cating a strong statistical difference in their effect upon X-chromosome cross- 
ing over, with AR-f/AR-f having the greater percent of crossing over. 

Comparisons can also be made between the three homozygous classes. The 
differences in effect of the grouped ST homozygotes, compared with the 
grouped CH homozygotes had a P value less than 0.0001, indicating that the 
X-chromosome crossing over is significantly greater in CH homozygotes than 
it is in the ST homozygotes. The differences of the grouped ST homozygotes 
compared with AR-e and AR-f separately were also highly significant, P 
values in both cases being less than 0.0001. Thus, the AR homozygotes have 
a significantly greater amount of crossing over in the X-chromosome than do 
the ST homozygotes. The CH homozygotes had a significantly lower percent 
of crossing over than did the homozygote AR-f (P=0.025), but they did 
not differ significantly from the AR-e homozygote (P = 0.28). 

These results indicate that different homozygous inversions in the III chro- 
mosome have different effects on crossing over in the X-chromosome and 
that in this case CH and AR homozygotes increased it more than ST. They 
also suggest that crossing over in the X-chromosome may be modified by 
particular gene orders found in the ST, CH and AR homozygotes. This 
could be ascribed to a position effect, but if it were the case one would not 
expect the significant differences between the two AR homozygotes, which 
have the same gene order. The evidence suggests, therefore, that different 
genetic constitutions in the III chromosome have differential effects on cross- 
ing over in the X-chromosome. Further indication of this was gained from 
the study of the hetero-homozygous and heterozygous combinations. 


Crossing over in hetero-homozygous inversion combinations 

No significant differences were found between the three ST hetero-homo- 
zygous combinations (P = 0.35). As indicated in table 1 only two of the three 
CH hetero-homozygous crosses were successful and these differ significantly 
(P < 0.0001). The crossover value obtained for the CH-a/CH-c hetero- 
homozygote was in fact the highest obtained for all combinations tested. Com- 
parisons have been made between the ST, CH and AR hetero-homozygotes, 
and the hetero-homozygotes compared with the homozygous combinations. 
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The grouped ST hetero-homozygotes differ significantly from both the CH 
and the AR hetero-homozygous combinations. This is consistent with the re- 
sults of the preceding section in which it will be recalled that the ST homo- 
zygotes differed significantly from both the CH and the AR homozygotes. The 
two CH hetero-homozygote combinations, however, compare differently with 
the AR hetero-homozygote, CH-a/CH-c being significantly higher than AR-e 
AR-f in X-chromosome crossing over. Unfortunately there are no data for 
the CH-c homozygote and therefore little can be learned from this last com- 
parison. 

The comparison between the various homozygotes and the hetero-homo- 
zygotes shows that the ST hetero-homozygotes did not differ significantly 
from the ST homozygotes (P=0.75). The grouped CH homozygotes com- 
pared with the CH-a/CH-b hetero-homozygote gave no significant difference 
(P > 0.95). The AR homozygotes, however, compare differently with the AR 
hetero-homozygous combination. AR-e/AR-e has a lower X-chromosome 
crossing over percentage than does the AR-e/AR-f hetero-homozygote. AR-f/ 
AR-f, on the other hand, does not differ significantly from AR-e/AR-f. 

From these results it is apparent that both the ST homozygotes and hetero- 
homozygotes used here have similar effects on crossing over in the X-chromo- 
some regardless of their genetic make-up. The same is true for the CH chro- 
mosomes. However, each of the AR homozygotes differ in their effects but 
not significantly from those of their hetero-homozygous combinations. Thus, 
these results again suggest that particular gene combinations in the IIT chro- 
mosome may modify crossing over in the X-chromosome. For example, the 
ST hetero-homozygotes differed markedly from both the CH and AR hetero- 
homozygotes just as the ST homozygotes differed from the CH and AR 
homozygotes. 


Crossing over in the heterozygous inversion combinations 

Crossing over in the X-chromosome was found to vary markedly in the 
presence of different III chromosome inversion heterozygotes. Reference to 
table 1 will show that in certain heterozygotes, for example ST-1/CH-a and 
ST-3/AR-f, crossing over in the X-chromosome was increased over that 
common to the homozygotes from which the heterozygotes had been con- 
structed. This is in agreement with the findings for D. melanogaster (Mor- 
GAN, Bripces and ScuHuLtz 1933) in which the presence of an inversion 
heterozygote in one chromosome pair is related to increased crossing over in 
another chromosome pair. Other heterozygous combinations, however, showed 
an increased crossing over over one but not over both of the homozygotes. 
For example, ST-2/CH-a gave 10.58% crossing over while ST-2/ST-2 gave 
9.79% and CH-a/CH-a gave 13.90% crossing over. Comparisons between 
heterozygotes and their respective homozygotes are presented in table 2 for 
each case in which a significant difference was found between a heterozygote 
and its respective homozygotes when tested together for homogeneity. Only 
thirteen of the twenty-one possible heterozygous combinations are listed. Three 
gave non-significant results and are excluded, namely those involving CH-a 
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TABLE 2 


Comparison of X-chromosome crossing over in homozygous and 
heterozygous IIl chromosome combinations. 




















Percent Percent Percent 
crossing over crossing over crossing over 

1 ST-1/ST=1 11.00 ST-1/ST-1 11.00 ST-2/ST-2 9.79 
2 CH-a/CH-a 13.82 CH-b/CH-b 13.90 CH-a/CH-a 13.82 
3 ST-1/CHea 12.04 ST-1/CH-b 15.29 ST-2/CH-a 10.58 
1-2 <0.0001 0.0005 < 0.0001 
1-3 <0.0001 <0.0001 0.026 
2=3 0.20 0.15 0.17 
1 ST-2/ST=2 9.79 ST-3/ST-3 10.50 ST-3/ST=3 10.50 
2 CH-b/CH-b 13.90 CH-a/CH-a 13.82 CH-b/CH-b 13.90 
3 ST-2/CH-b 13.32 ST-3/CH-a 11.34 ST-3/CHe-a 15.11 
1-2 0.0002 0.001 0.016 
1-3 0.0006 0.95 < 0.0001 
2=3 0.75 0.0008 0.13 
1 ST-1/ST-1 11.00 ST-1/ST=-1 11.00 ST-2/ST-2 9.79 
2 AR-e/AR-e 12.70 AR-f/AR-f 15.75 AR-e/AR-e 12.70 
3 ST-1/ AR-e 13.44 ST-1/AR-f 16.48 ST-2/ AR-e 15.78 
1=2 0.0045 < 0.0001 0.0002 
1=3 < 0.0001 <0.0001 <0.0001 
2—3 0.20 0.75 0.20 
1 ST-2/ST-2 9.79 ST-3/ST-3 10.50 ST-3/ST-3 10.50 
2 AR-f/AR-f 15.75 AR-e/AR-e 12.70 AR-f/AR-f 15.75 
3 ST-2/AR-f 17.19 ST-3/AR-e 14.65 ST-3/AR-f 16.20 
1-2 < 0.0001 0.06 < 0.0001 
1-3 <0.0001 0.0002 < 0.0001 
2-3 0.35 0.24 0.60 
1 CH-b/CH-b 13.90 
2 AR-f/AR-f 15.75 
3 CH-b/ AR-f 13.96 
1-2 0.017 
1-3 0.80 
2=3 0.062 





and AR-e; CH-a and AR-f; and CH-b and AR-e. Combinations involving 
CH-c were also excluded because no data are available for the CH-c homo- 
zygote with which to make comparisons. The remainder gave P values of 
less than 0.01 except for the combination of CH-b and AR-f which had a P 
value of 0.036. 

Table 2 shows the observed total average percent crossing over for each 
combination (lines 1, 2, 3) and the P values for the comparisons between 
each pair (lines, 1-2, 1-3, 2-3). It will be seen that the ST homozygotes differ 
significantly from the CH homozygotes (comparison 1-2). They also differ 
significantly from the ST/CH heterozygotes except in the case of ST-3/CH-a 
(comparison 1-3). The CH homozygotes, however, do not differ significantly 
from the ST/CH heterozygotes except in the case of ST-3/CH-a (compari- 
son 2-3). Thus, it would appear that the CH chromosomes, which as CH 
homozygotes differ significantly from the ST homozygotes but not from the 
ST/CH heterozygotes, are modifying the X-chromosome crossing over in 
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the ST/CH heterozygotes. A similar situation obtains in the case of the ST-1 
and ST-2 comparisons with AR-e and AR-f, and ST-3 with AR-f. Again the 
ST homozygotes differ significantly from both the AR homozygotes and the 
ST/AR heterozygotes while the AR homozygotes do not differ from the 
heterozygotes. Thus, the CH and AR chromosomes may be contributing in 
a major way to X-chromosome crossing over in ST/CH and ST/AR hetero- 
zygotes. There are three exceptions to this possibility. The ST-3 homozygote 
is significantly different from the CH-a homozygote, but it does not differ 
significantly from the ST-3/CH-a heterozygote while the CH-a homozygote 
does. In this case the CH-a homozygote has a greater percent crossing over 
than does the ST-3/CH-a heterozygote. The second exception is that of 
ST-3 and AR-e. In this case only the ST-3 homozygote differs significantly 
from the ST-3/AR-e heterozygote. However, the difference between the ST-3 
and AR-e homozygotes is just above the 5% level of significance. The last 
exception is that of CH-b and AR-f. The only difference of significance is 
between the CH-b and AR-f homozygotes. The difference between the AR-f 
homozygote and the CH-b/AR-f heterozygote is just above the 5% level of 
significance. 

The relationship between the II] chromosome combination and the X-chro- 
mosome crossing over can be conceived as being the result of a number of 
factors. Certain of the results indicate that a particular chromosome or rather 
the constellation of genes in that chromosome is affecting crossing over in 
what seems to be a case of dominance of CH and AR chromosomes over the 
ST chromosomes. Other results, particularly those which show no obvious 
correlation between the crossing over of a given homozygote and its hetero- 
zygote, suggest that interaction between both members of a III chromosome 
pair, rather than the action of one chromosome of the pair alone, is respon- 
sible, at least in part, for the observed variations in crossing over. There is 
little doubt that the results presented in this section and in those preceding 
show a definite relationship between the particular strains of II] chromosomes 
used and X-chromosome crossing over. Such a relationship indicates that X- 
chromosome crossing over is to an extent controlled by the genetic constitu- 
tion of different kinds of III chromosomes tested. Two hypotheses amenable 
to both statistical and experimental test are; first, that one of the III chro- 
mosomes in a given combination because of its particular genetic constitution 
contributes in a major way to X-chromosome crossing over, and second, that 
it is the interaction between two genetically different II] chromosomes of the 
combination which is most effective. The statistical analysis presented in the 
next section was attempted in order to determine the applicability of these 
hypotheses to the observed data. 

Statistical analysis of the effects of different III chromosome inversion 
combinations on crossing over in the X-chromosome 

An analysis of variance similar to that of WALLACE, KING, MADDEN, 


KAUFMANN and McGUNNIGLE (1953, p. 293) was carried out to test whether 
the percentage of crossing over in the X-chromosome is due to contributions 
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made by the particular II] chromosomes tested or results from the specific 
interaction between any two different II] chromosomes. The variance of the 
X-chromosome crossing over has three components; namely, that due to 
experimental error, that resulting from contributions made by III chromo- 
somes, and that resulting from interactions between III chromosomes. The 
results of the analysis are given in table 3. The contributions of III chromo- 
somes to the variance (e.g., the contribution of the ST-1 chromosome is a, = 
— 0.62), and the interaction between chromosomes (e.g., ST-1/CH-a is gi, = 
2.55) are shown in Part A of the table. The variance analysis, given in Part 
3 of the table, shows that different III chromosomes make statistically sig- 
nificant contributions to the amount of X-chromosome crossing over. However, 


TABLE 3 


Contributions and interactions of third chromosomes 
to X-chromosome crossing over 








A 
Contributions 
a, —0.62 ag —0.32 ae 0.16 
a, —1.17 ap 0.73 a, 1.59 
a, —1.04 
Interactions 
Bir -—1.73 822 —1.84 83a —1.27 Saf 1.69 
812 —0.14 823 1.02 3p 1.45 8pp —1.53 
813 —0.99 82a —1.90 Bse 1.56 8be —1.75 
Bie 2.55 82b -0.21 &3f 1.68 8pr —2.33 
Bip ‘(1.11 Bee 2.82 Baa 0.49 Bee —1.59 
Bie —0.07 824 2.80 Bap —9.53 Bet —9.90 
Bie | =—«d2:‘CC 4 833 —1.39 Hee 1:01 &e¢ —1.40 
B 
ss af Mean square F-ratio P 
Error 1,032.112 141 7.320 “iss she 
Interaction 418.8311 21 19.9443 2.92 <0.001 
Contribution 354.4363 6 59.0727 8.07 <0.001 





pairs of III chromosomes also have a statistically significant effect upon 
crossing over. Thus, crossing over in the X-chromosome is modified both by 
particular II] chromosomes (contributions) and by particular combinations of 
III chromosomes (interactions ). 

Accordingly, it is necessary to determine the relative sizes of the two com- 
ponents of variance. The mean square for interaction (19.9443) includes the 
mean square for error (7.320) ; therefore, the interaction variance will be the 
difference between the two mean squares or 12.6243. The mean square for 
contributions (59.0727) includes the mean square for the interaction. The con- 
tributions component of variance is found by dividing the difference between 
these two mean squares by the number of different kinds of chromosomes 
tested (in this case seven) and it therefore equals 5.5899. Thus, interactions 
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have almost twice the effect on the total variance than do contributions and are 
therefore the major component of variance in the amount of X-chromosome 
crossing over. 

If a comparison of contribution and interaction values with the observed 
X-chromosome crossing over percentages for homozygotes and heterozygotes 
is made, it will be noted that when a heterozygote is greater than either homo- 
zygote in its crossing over there is a positive interaction value, but when the 
heterozygote lies between the homozygotes in its amount of crossing over there 
is a negative interaction value. This too indicates the importance of the effect 
of particular III chromosome combinations on crossing over in the X-chro- 
mosome. 

Thus, the general conclusion drawn from the variance analysis is that cross- 
ing over in the X-chromosome can be modified by particular III chromosome 
gene combinations. Part of this modification is due to a contribution made by 
one III chromosome in an inversion combination while part is due to the inter- 
action between the two III chromosomes of a combination. 


DISCUSSION 
Comparisons between D. pseudoobscura and D. melanogaster 


Certain of the results obtained here for D. pseudoobscura parallel those 
found for D. melanogaster. There are differences, however, which may either 
be characteristic of these species or they may result from different experi- 
mental methods. 

Crossing over in uninverted chromosomes in D. melanogaster can be in- 
creased in the presence of inversion heterozygotes in other chromosomes. 
Thus, crossing over in the y-ec region of the X-chromosome has been found 
to increase 171.1 percent in the presence of the Curly inversion in the second 
chromosome (STEINBERG 1936). In the present study increased crossing 
over was also found. However, the increase in X-chromosome crossing over in 
D. pseudoobscura, when an inversion heterozygote was present in the III 
chromosome, was not as marked as that found for D. melanogaster. In the 
most extreme case in the present study it amounted to an increase of 8.5% 
above the average percent crossing over for individuals with the ST chromo- 
some inversion. This difference between the two species may be caused by 
several factors. The y-sn-v region of the D. pseudoobscura X-chromosome 
used in the present study may not be 


sensitive” to the enhancing effect 
which occurs in the presence of an inversion heterozygote. SCHULTZ and 
REDFIELD (1951) have shown that the significant increases in crossing over 
in the uninverted chromosomes of D. melanogaster arise between loci which 
are separated by heterochromatin. Thus it was found that in the presence of 
the C/B inversion in the X-chromosome the crossing over in the second chro- 
mosome showed the greatest increase between the loci black and cinnabar 
which are on either side of the centromere and are adjacent to heterochromatin. 
The y-sn-v region in the left arm of the X-chromosome of D. pseudoobscura 
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apparently does not include heterochromatin. Therefore, the relatively small 
increases in X-chromosome crossing over may be attributed to the fact that 
heterochromatin is not involved. However, the possibility remains that the 
inversion effect in D. pseudoobscura is not related to heterochromatin. Studies 
with an X-chromosome having markers on either side of the heterochromatic 
region, which is associated with the centromere, are necessary before any 
further statements can be made. 

A second explanation may lie in the total amount of chromatin in the in- 
versions. STEINBERG (1937) has shown there is a direct proportionality 
between the amount of thé total chromatin involved in the inversion and the 
increase of crossing over in uninverted chromosomes in LD. melanogaster. 
Thus, crossing over in the X-chromosome of this species is increased more by 
the Payne inversion than by the Curly inversion. When both are present an 
even greater X-chromosome crossing over is observed. STEINBERG and FRASER 
(1944), however, found on further study that there is no absolute relation in 
PD. melanogaster between the length of the inversion and the effect upon either 
X-chromosome or III chromosome crossing over. The increased crossing 
over in the y-sn-v region of the X-chromosome of D. pseudoobscura appears 
to be independent of the size of the III chromosome inversions. The AR in- 
version of D. pseudoobscura is derived from ST by one pair of breaks in 
regions 70 to 76 and thus involves only a relatively short section of the chro- 
mosome. The CH arrangement is an overlapping inversion with respect to 
both ST and AR and it involves a much greater amount of the III chromo- 
some from region 68 to region 80 (DoszHANSKy and EpiinG 1944). If there 
is a direct relationship between the length of the inversion and the amount of 
crossing over in the III chromosome of D). pseudoobscura, then it would be 
expected that crossing over would follow the sequence AR/CH > ST/CH > 
ST/AR. This, however, was not found to be the case. Reference to table 1 
will show that crossing over in the X-chromosome was of similar order in 
all of the heterozygote combinations. Increased crossing over in other chro- 
mosomes of D. melanogaster results, in part, from a highly increased frequency 
of multiple exchanges when an inversion heterozygote is present (STEINBERG 
1936). For D. pseudoobscura the frequency of double crossovers was not 
increased above the frequency of single crossovers. Such a result may indi- 
cate a basic difference between the two species or it may reflect a different re- 
sponse of the y-sn-v region of the X-chromosome of D. pseudoobscura to an 
inversion heterozygote. 

One unexpected result in the present work was the variation found in X- 
chromosome crossing over when different IIL chromosome inversion homo- 
zygotes were present. Crossing over was greatest in AR homozygotes, less 
in CH homozygotes, and least in ST homozygotes. The modification of cross- 
ing over in different homozygous inversions of D. melanogaster has not been 
studied, though crossing over has been shown to be one of the most variable 
genetic phenomena in Drosophila. In an extensive analysis of crossing over in 
D. melanogaster, GowEN (1919) showed that there were significant variations 
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in III chromosome crosing over that were not due entirely to experimental 
error. He attributed the variations to gene differences in the III chromosomes 
tested; this suggests that crossing over is under genetic control. The results 
of the present study tend to support this conclusion and as will be pointed 
out below the genetic constitutions of ST, CH and AR III chromosomes are 
the basis, in part, of the variation in X-chromosome crossing over. 

Our data differ from those obtained for D. melanogaster in one other re- 
spect. Variation in crossing over was significantly different when heterozygotes 
were made up of the different strains of ST, CH and AR chromosomes (e.g., 
ST-1/CH-a, ST-2/CH-a). This result further indicates that the genetic con- 
stitutions of the III chromosomes play a role in X-chromosome crossing over. 
Comparable data are not available for D. melanogaster but variations of the 
sort we have observed have been shown to occur in D. robusta (Carson 1953). 


Interpretation of D. pseudoobscura results 


Inversion heterozygosis in Drosophila is a means whereby blocks of genes 
are retained intact as a consequence of the suppression of crossing over in an 
inversion heterozygote (STURTEVANT and BEADLE 1936). The suppression 
effect has been noted in D. melanogaster (STURTEVANT 1919), D. pseudo- 
obscura (DoszHANSKy and EpLING 1948), D. robusta (Carson 1953), and 
D. virilis (KomAI and TaKaKvu 1940, 1942). In the case of D. pseudoobscura 
and D. robusta it has been suggested that inversion heterozygosis is a means 
whereby combinations of genes imparting a favorable adaptive character to 
the individuals of a population can be retained without loss through recom- 
bination resulting from crossing over (DoBZHANSKy and EpLine 1948; Car- 
son 1953). R. P. LEvINE and Dickinson (1952) and Carson (1953) have 
also pointed out that inversion heterozygosis is a two-fold system which allows 
the individuals of a population to exploit ecological niches to a fuller extent 
because it permits an increased production of recombinants in other chromo- 
somes. The results of the present study indicate, however, that inversion 
heterozygosis alone is not always a significant factor in the increased pro- 
duction of new genetic types, but that the particular genetic constitutions of the 
II] chromosome combinations are also important. As brought out in the pre- 
ceding sections, the ST, CH and AR homozygous arrangements have different 
effects on X-chromosome crossing over. In addition, the two strains of the AR 
homozygotes differed from each other significantly. The hetero-homozygotes 
gave results similar to that obtained for homozygotes. Thus, if we can con- 
sider crossing over to be dependent upon particular gene combinations, the 
variations in X-chromosome crossing over reflect what are probably genetic 
differences between the ST, CH and AR chromosomes. Such differences can 
arise in nature and in the laboratory since there is a minimum of crossing over 
between them. Carriers of ST and CH chromosomes have been shown to 
differ in regard to the responses of their carriers to conditions of temperature 
and humidity (R. P. Levine 1952). Since free genetic exchange can occur 
between inversion homozygotes of a given sort genetic differences between 
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chromosomes would be at a minimum. This has been found to be true for 
certain responses between strains of ST homozygotes to temperature and 
humidity (R. P. Levine unpublished). The effect of both ST and CH homo- 
zygotes on X-chromosome crossing over is similar within the strains of ST or 
CH tested, but different in the two AR homozygotes. This indicates genetic 
differences between the AR homozygotes. 

The variation between the heterozygotes strongly suggests that these com- 
binations have varying degrees of influence on X-chromosome crossing over. 
This is shown by the comparisons given in table 2. Thus, X-chromosome 
crossing over of the CH-a homozygote is similar to that of the ST-1/CH-a 
and ST-2/CH-a heterozygotes but it is significantly greater than that of the 
ST-3/CH-a heterozygote. Increased crossing over in the X-chromosome of 
D. pseudoobscura in the presence of III] chromosome inversion heterozygotes 
is not, therefore, a general rule. We suggest that it is the different gene com- 
binations in the various inversion heterozygotes which modify crossing over in 
the X-chromosome, rather than inversion heterozygosis alone. The relation- 
ship between inversion heterozygotes and increased crossing over in uninverted 
chromosomes has been interpreted by MATHER (1936) and others as a com- 
pensating mechanism for the suppression of crossing over which occurs within 
the inversion heterozygote itself. This interpretation assumes that there is a 
characteristic amount of crossing over for the genome as a whole and when 
it is suppressed in one part of the genome it must increase in another. It must 
be remembered, however, that the suppression of crossing over within an in- 
version heterozygote is to a large extent apparent, not real. During meiosis in 
Drosophila females heterozygous for an inversion, the crossover chromosomes 
are usually excluded from the egg nucleus and are found in the polar body 
nuclei (see STURTEVANT and BEADLE 1936 for a full discussion of this phe- 
nomenon). If MATHER’s “ compensation” hypothesis is tenable then some 
correlation between the amount of suppression of crossing over in the inver- 
sion heterozygote and the increase of crossing over in the other chromosomes 
should be found. However, it has been shown that there is no obvious cor- 
relation between the amount of suppression in the inversion heterozygote and 
the increased crossing over in other chromosomes. STURTEVANT and BEADLE 
(1936) found that various inversions in the X-chromosome of D. melano- 
gaster suppress crossing over in the following order: dl-49 = CIB > sc? 
> bb?! => yt > sc* = sc8, STEINBERG and FRASER (1944) have shown that sc# 
and sc*, both of which are long inversions in D. melanogaster, have little effect 
on X-chromosome crossing over, but have different effects on crossing over 
in the III chromosome, sc* greatly increasing it and sct having no appreciable 
effect. Similarly, the y* inversion has practically no effect on III chromosome 
crossing over while the smaller C/B inversion has a marked effect. D pseudo- 
obscura presents a similar picture. The suppression of crossing over in the 
overlapping ST/CH inversion heterozygote is almost eight times that of the 
simple ST/AR inversion heterozygote (DopzHANSKy and EpLinG 1948). 
However, the effect of both ST/CH and ST/AR on the X-chromosome was 
found to be the opposite, ST/AR heterozygotes having a slightly greater 
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X-chromosome crossing over than ST/CH heterozygotes. Thus, it is diffi- 


cult to accept the “ compensation ” hypothesis in order to explain the effect of 
inversion heterozygotes on crossing over in other chromosomes. 

Another interpretation of the relationship between inversion heterozygotes 
and increased crossing over in uninverted chromosomes is that of SCHULTZ 
(MorcGan, BripGes and SCHULTz 1935) which is based upon the assumption 
of somatic pairing during the last premeiotic division. If somatic pairing is 
prevented or disturbed in one chromosome pair as in the case for certain 
chromosomal segments in an inversion heterozygote, it is assumed that the 
degree of disturbed pairing will be correlated with increased crossing over in 
the uninverted chromosome pair. The objections to this hypothesis are the 
same as those raised for the ‘ compensation ’”’ hypothesis. That is to say, no 
correlation has been found between the kind of inversion present and the in- 
crease in crossing over in other chromosomes. 

A third interpretation which explains the effect of inversions on crossing 
over in physiological terms has been offered by STEINBERG and WHITE 
(1939). They support this interpretation by results obtained from ovarian 
transplants in D. melanogaster. Ovaries carrying the X-chromosome markers 
y and ec as heterozygotes were implanted in the oviducts of females heterozy- 
gous for both Curly and Payne inversions. STEINBERG (1936) had shown 
earlier that X-chromosome crossing over was increased 285 percent in the 
presence of these inversions, but crossing over in the implanted ovaries was 
not modified by the Payne and Curly inversions of the host. On the basis of 
this result STEINBERG and FRAZER (1944) suggest that increased crossing 
over results from “an unspecified physiological effect caused by the inver- 
sion.” They also state that the effect of inversions on crossing over is the re- 
sult of a position effect. Though this interpretation is suggestive it lacks suf- 
ficient experimental support. Its very general assumptions of unspecified 
physiological effects of inversions should be tested. 

None of the foregoing interpretations completely fit the results we have ob- 
tained for D. pseudoobscura. We suggest that there is a genotypic control of 
crossing over in the X-chromosome by III chromosome genes; the control 
may be mediated either through contributions made to crossing over by genes 
in a particular II] chromosome in a given inversion combination, or through 
genetic interactions between the two chromosomes of the combination. The 
statistical analysis testing the two alternatives indicates that both play a sig- 
nificant role in X-chromosome crossing over. We also found that interactions 
between III chromosomes were more important than contributions made by 
III chromosomes. Crossing over in the X-chromosome is, therefore, the con- 
sequence of the interplay between two different III chromosome gene con- 
stellations. How this comes about is unknown but the hypothesis can be 
tested, and experiments testing it are now underway. 


SUMMARY 


Crossing over in the y-sn-v region of the X-chromosome of D. pseudo- 
obscura is modified by different III chromosome homozygous and heterozy- 
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ous inversion combinations. The inversions studied were three strains of ST 
and CH and two strains of AR. Individuals homozygous for CH or AR had a 
significantly higher percentage of crossing over in the X-chromosome than 
homozygous ST individuals. All possible heterozygous inversion combinations 
were tested for X-chromosome crossing over. It was found that certain but 
not all combinations showed increased crossing over. The amount of crossing 
over in the X-chromosome was found to depend upon the particular ITI 
chromosome inversion combination. 

The results suggest that crossing over in the X-chromosome depends, in 
part, upon the different III chromosome gene constellations brought together 
in the various inversion combinations. 
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NE of the major objections to the torsion theory of crossing over as pro- 

posed by DarLincTon (1935) is that it is difficult to comprehend why 
a break in one chromatid should cause a break to occur in exactly the same 
position in a chromatid from the homologous chromosome. This objection 
holds for any mechanism which postulates that crossing over occurs after the 
duplication of the chromosome into chromatids. However, as will be discussed, 
the localization of the crossover at identical loci offers no difficulty if it is 
postulated that crossing over is the result of an exchange between the new 
chromatids during the process of their formation (BELLING 1931). Such cross- 
ing over, of course, will give rise to only the 2-strand type of multiple cross- 
overs, and the hypothesis requires exchanges between sister chromatids to 
explain the 3-strand and 4-strand multiple crossovers as was pointed out by 
LINDEGREN and LINDEGREN (1937). In the face of strong objections to assum- 
ing the occurrence of sister-strand crossing over, BELLING modified his origi- 
nal theory, thereby weakening it considerably (BELLING 1933). However, in 
view of evidence which has recently been presented supporting crossing over 
between sister strands (ScHWaRTZ 1953), we should reconsider the hypothesis 
that crossing over between homologous chromosomes involves only the newly 
formed or daughter chromatids. 

On such a hypothesis, two crossovers between homologous chromosomes 
will give rise to a 2-strand type of double exchange. A double exchange asso- 
ciated with a sister-strand crossover in one of the chromosomes, in the region 
between the two non-sister crossovers, will be converted into a 3-strand 
double. A sister-strand crossover in each of the homologous chromosomes will 
result in four single exchange chromatids, a 4-strand double. This is shown 
diagrammatically in figure 1. If the frequency of sister-strand crossing over 
is high, as was shown to be the case from the study of ring-rod heterozygotes 
in maize (SCHWARTZ 1953), and there is an equal probability of an even or 
odd number of sister-strand exchanges occurring in the region between the 
two non-sister-strand exchanges, the four double crossover classes would 
appear in a 1:1:1:1 ratio, that which is also expected (in the absence of 
chromatid interference) as a consequence of crossing over which involves 
exchanges between any of the chromatids of the homologous chromosomes. 

We are thus confronted with the problem of distinguishing between these 
two hypotheses, each of which yields the same end result as far as meiotic 

1 This work was performed for the Atomic Energy Commission under Contract 
No. W-7405-eng-26. 
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crossing over is concerned. This problem was attacked by a study of somatic 
crossing over in attached-X chromosomes of Drosophila melanogaster. Studies 
on the stability of ring chromosomes in Drosophila have shown that little or 
no sister-strand crossing over occurs under normal conditions in somatic 
tissue (BATTACHARYA 1950; Brown and HANNAH 1952). The instability 
associated with such exchanges results from the formation of dicentric double- 
size rings. Thus, in the absence of sister-strand crossing over, only 2-strand 
double somatic crossover classes would be expected on the hypothesis that 
crossing over between homologous chromosomes is limited to the newly formed 
chromatids. Somatic exchanges are not frequent enough to render an experi- 
ment on double crossovers feasible. However, by employing attached-X chro- 
mosomes it is possible to determine from single crossovers which strands are 
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es ee ABC 
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A B Cc 
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Cc 
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aBC 
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Ficure 1.—Schematic diagram illustrating formation of the four double crossover 
classes. 
involved. Specifically, it is possible to determine whether or not chromatids 
which are not attached to a common centromere, that is, an old and a new 
chromatid, are involved in crossing over. 


EXPERIMENTAL METHODS AND MATERIALS 


Flies carrying an attached-X chromosome of the constitution y Hw sn* . 
sn® Hwt y+ were synthesized by Dr. W. K. BAKER of this laboratory from 
a triploid stock furnished by Dr. E. B. Lewis.? These flies were mated indi- 
vidually to Muller-5 males, and the female offspring were scored for abdomi- 
nal twin spots. The scoring was limited to twin spots since this is the one 
class of spotting which can result only from somatic crossing over. Spots of 
yellow or singed tissue alone could also arise as a result of mutation or chromo- 


2 The period indicates the position of the centromere. The singed mutant used through- 
out this study was sv®; the superscript is omitted in the rest of the paper. 
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some breakage and loss. The genotype of each fly used in a cross was deter- 
mined from the phenotypes of the offspring which it produced. Only non- 
yellow, Hairy wing, non-singed females were employed in these crosses. Since 
crossing over between y and Hw is practically nonexistent, selection of flies 
heterozygous for yellow was assured. Females which failed to yield singed 
offspring were discarded, since they obviously did not carry the mutant 
singed gene. Flies which produced F, yellow-singed females were classified 
as having both mutants vellow and singed on the same chromosome arm, 
ysn.sn*+ y+, Thus only flies which produced singed and yellow but not 
yellow-singed offspring were used in these studies. Furthermore, only the 
Hairy wing, non-yellow, non-singed offspring were scored for twin spots. By 
this method is was possible to limit the scoring, for the most part, to flies of 
the desired genotype, y sn+ .sn y+. However, this screening method does not 
eliminate F, flies of the constitutions y sn*+.sn+ y+ and ysn-sn* yt. A cor- 
rection factor is required to account for the frequency of flies of these geno- 
types in the population of offspring scored since these flies will not give rise 
to twin spots by somatic crossing over. The frequency of flies of these un- 
desired genotypes in the scored population was determined from table 2 in 
the BEapLE and Emerson (1935) paper. BEADLE and EMERSON used the 
markers scute (sc) and cut (cf) in their study. These markers are in approxi- 
mately the same positions as yellow and singed (scute and yellow are both at 
0.0, cut is at 20.0 while singed is at 21.0). Thus the frequencies of the geno- 
types sc ct+ .ct sect, sect* .ct* sc*, and sc ct-ct* se* in the F, population 
from a se ct*+ -ctsct+ mother will essentially be the same as the frequencies 
of the genotypes ysn*+.sny*, ysn*.sn* yt, and ysn-sn* y* in the Fy 
population from a y sn+ .sn y+ mother. From this table it was calculated that 
76.5 percent of the F,; daughters scored should be of the desired constitution 
and 23.5 percent of the type which would not give twin spots. The correction 
was made by multiplying the number of flies scored by a factor of 0.765. 
RESULTS AND DISCUSSION 

The discussion will be limited to crossovers between singed and the centro- 
mere since that is where somatic crossing over is most prevalent (STERN 
1936), and only crossovers in that region give rise to twin spots of yellow and 
singed tissue. As is shown in figure 2, somatic crossing over between attached- 
X's will give rise to a twin spot when the crossover involves chromatids which 
are not attached to a common centromere. A crossover which involves chro- 
matids attached to the same centromere, i.e., the two newly formed chromatids 
(and also, but more unlikely the two old chromatids) will give rise only to 
wild-type tissue. Thus, on the hypothesis that crossing over between homolo- 
gous chromosomes is limited to the new chromatids, few or no twin spots 
would be expected. On the other hand, according to the hypothesis that cross- 
ing over can occur between any of the chromatids, twin spotting should be at 
least as frequent and perhaps even more so than is found when unattached-X 
chromosomes are employed since attachment of the chromosomes at one end 
could make for closer somatic pairing. On the latter hypothesis only half of 
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Figure 2.—Diagrammatic representation of the results of somatic crossing over in 
attached-X chromosomes involving (a) chromatids attached to a common centromere, 
and (b) attached to different centromeres. Broken lines represent new chromatids. 


the crossovers between attached-X chromosomes would yield twin spots. In 
the case of unattached-X chromosomes all the crossovers can give twin spots, 
however, as STERN has shown, only half of the segregations are of the type 
which will give this result. 

The results are shown in table 1. Line 1 in this table gives the results of the 
experiment without Minute in the cross. Line 2 shows the frequency of twin 
spots obtained when the spotting was increased by using the autosomal 
Minute, 1/(3)y. The Minutes have been shown to be responsible for a marked 
increase in the frequency of somatic crossing over (see STERN 1936). It is 
readily apparent that the frequency of twin spots is extremely low as compared 
to that obtained when the same markers were used in unattached-X chromo- 
somes (line 4). This indicates that crossing over between attached-X chromo- 

TABLE 1 


Frequency of twin spotting in females heterozygous for y and sn 
(mutant genes located in opposite chromosome arms). 








Total flies Corrected* Number Percentage 

scored total twin spots twin spots 
1. Attached-X (not aged) t 945 723 1 0.14 
2. Attached-X (not aged) 1360 1041 8 0.77 
3. Attached-X (aged) 926 709 48 6.77 
4. Unattached-X (not aged) 180 . 27 15.00 
5. Unattached-X (aged) 196 ws 26 13.27 





* See text. , 
All experiments except those listed in line 1 were segregating M(3)y. 
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somes is limited to the newly formed chromatids. The few cases of twin spots 
observed in the attached-X females are discussed in a later section. 

3ROWN and HANNAH (1952) have reported that the stability of the ring 
chromosome in Drosophila is strongly influenced by certain environmental 
conditions. For example, aging of the female before mating was responsible 
for a high degree of mosaicism in the offspring. One of the hypotheses pro- 
posed to explain this effect was that aging increased the frequency of sister- 
strand crossing over. On the basis of this report the effect of aging on twin 
spotting was studied. 

As was mentioned previously, somatic crossing over was chosen for these 
studies since sister-strand crossing over does not normally occur with an ap- 
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Figure 3.—Diagrammatic representation of somatic crossing over between the newly 
formed chromatids not associated (upper) and associated with sister-strand exchange 
(lower). Broken lines represent newly formed chromatids. 
preciable frequency in somatic tissue. Under these conditions an extremely 
low frequency of twin spots is obtained. However, the frequency of twin 
spots should be greatly increased if, in addition to the exchanges between 
homologous chromosomes, sister-strand exchanges occurred. This is dia- 
gramed in figure 3. Crossovers between the newly formed chromatids yield 
only wild-type tissue in the absence of sister-strand exchanges. When the 
crossover is associated with a sister-strand exchange in the region of the 
centromere, a twin spot will result. On the hypothesis that crossing over occurs 
at random between the new and old chromatids, the frequency of twin spots 
should remain unaffected by aging. A sister-strand exchange will cause a 
twin spot to be formed when associated with a crossover between chromatids 
which are attached to a common centromere, but conversely, only wild-type 
tissue will result when the sister-strand exchange is associated with a crossover 
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between chromatids attached to different centromeres (without the sister- 
strand exchange such crossovers would give a twin spot). The results of these 
experiments are given in line 3 of table 1. An 8.7-fold increase in twin spotting 
was obtained by aging the attached-X mothers as virgins for approximately 13 
days before mating. 

An alternative explanation for the effect of aging on the frequency of twin 
spotting is that aging causes an over-all increase in the frequency of somatic 
crossing over. It was possible to rule out this alternative by comparing the 
frequency of twin spots obtained in the progeny of aged and unaged females 
which carried unattached-X chromosomes. If aging increases somatic crossing 
over, the aged females would be expected to show the ninefold increase in twin 
spotting which was obtained with attached-X’s. However, if the effect of 
aging is limited to sister-strand crossing over no difference would be expected 
between the progeny of aged and unaged females. The frequency of twin spots 
in unattached-X flies should not be increased by sister-strand crossing over. 
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Ficure 4.—Effect of sister-strand exchange on somatic crossing over between free-X 
chromosomes; without (upper) and with sister-strand exchange (lower). 
This is diagrammatically shown in figure 4. Sister-strand crossing over would 
merely cause twin spots to result from those segregations which normally 
would yield only wild type tissue, and conversely, produce wild-type tissues 
from those segregations which would form twin spots in the absence of sister- 
strand crossing over. The results are shown in lines 4 and 5 of table 1. Unaged 
females gave 15.0 percent twin spots in their offspring while the aged females 
gave 13.3 percent. 

3ROWN and HANNAH (1952) propose two alternative explanations for the 
effect of environment on the stability of ring chromosomes: (1) sister-strand 
crossing over, and (2) twists in the plane of reproduction. The results herein 
reported point to the first of these as the correct hypothesis since twists in 
the plane of reproduction, such as were suggested by BRAvER and BLOUNT 
(1950) to give interlocked rings, would not increase the frequency of twin 
spotting resulting from crossing over between attached-X chromosomes where 
the ends are free. 

During the course of these experiments it was noted that a considerable 
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number of singed spots not associated with a yellow twin were found. Could 
these spots be considered as consequences of somatic crossing over? STERN 
explains the singed spots in flies of the constitution y sn*+/y*t sn as resulting 
from two possible events. First, they could arise, but with a very low fre- 
quency, from double crossovers occurring on each side of the singed locus. 
The other possibility is that the singed spots are actually twin spots in which 
the tissues arising from the cells which were homozygous yellow did not form 
hypodermal tissue which would give rise to setae, and thus would not be 
recognizable. We have tested the latter explanation in experiments on the 
spotting produced in flies which had both recessive genes on the same chromo- 
some arm, y sn-sn* y*. If the singed spots found in the ysn*.sn y* flies 
were actually twins where the yellow spot was undetected, they should not 
arise in ysn-sn* y* flies since here somatic crossing over will produce spots 
in which the same tissue is both yellow and singed. It was found that the 
same frequency of singed spots were found in flies of both genotypes, 10.0 
and 10.3 percent. This rules out somatic crossing over as the agent responsible 
for most of the spots which were singed alone, and suggests that they represent 
cases where the singed phenotype was expressed in the heterozygote. The 
distribution of these singed spots was not at random over the abdomen and 
very frequently involved the same bristle in many flies. 

A critical analysis of the data of STERN (1936) clearly shows that it is the 
presence of the Y chromosome which is responsible for the frequent expression 
of the singed phenotype in the heterozygous females. STERN found that the 
frequency of spotting was greatly increased (sixfold) by the presence of a Y 
chromosome. In one experiment 11.6 percent spots were found in the XX 
females and 72.8 percent in the XXY females. Furthermore, STERN states, 
* The influence of the Y is of course even greater in this experiment than the 
number 72.8 percent indicates, for this represents all individuals of experiment 
2, about half of which were of XX constitution.” However, a breakdown of 
the types of spots shows no significant difference between XX and XXY fe- 
males in the frequency of yellow spots and yellow-singed twin spots. The 
high rise in the frequency of spotting is due almost entirely to a tremendous 
increase in the frequency of singed spots; 1.4 percent (15/1040) in the XX 
females as compared to 56 percent (195/349) in the XXY+XX_ females. 
On the basis of these experiments it is possible to explain the high frequency 
of singed spots in our study since all of the attached-X females carried a Y 
chromosome. These experiments are of further importance in that they estab- 
lish that the Y does not reduce the frequency of somatic crossing over be- 
tween the X chromosomes in an XXY female. 


CONCLUSIONS 

The results of the experiments reported in this paper suggest that crossing 
over is a result of two events: (1) exchanges between the newly formed chro- 
matids of homologous chromosomes, and (2) exchanges between sister chro- 


matids. These two types of exchanges are entirely different phenomena which 
may occur at different times. 
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The experiments further indicate that chromosome duplication involves the 
formation of a new chromatid on a template provided by the old chromosome. 
If duplication involved the splitting of a double-size chromosome into two 
equal chromatids, both of these chromatids should be equally capable of par- 
ticipating in non-sister-strand crossing over. Somatic crossing over in Dro- 
sophila is for the most part limited to exchanges between the new chromatids. 
In view of this evidence it is proposed that meiotic crossing over involves both 
exchanges between the new chromatids of homologous chromosomes and be- 
tween sister chromatids. The few cases of twin spots observed in attached-X 
daughters from unaged females could be due either to a low frequency of 
sister-strand crossing over, or to a breakdown of the attached-X chromosome 
followed by somatic crossing over. 

If, as this work suggests, crossing over occurs during the process of the 
formation of the new chromatids, the time of chromosome duplication in 
meiosis can be approximated from the time at which crossing over takes place. 
It has been generally accepted that chromosome pairing precedes crossing over. 
It is therefore possible to fix the time of chromosome duplication as occurring 
after chromosome pairing, i.e., zygotene or early pachytene. However, the 
replication of the genic material (deoxyribonucleic acid) which, in part at least, 
constitutes the chromosome, occurs much earlier, in interphase, as determined 
from studies with P*? incorporation (see TAyLor 1953; Swirt 1953). The 
discrepancy between the time of gene replication and chromosome duplication 
is large, and leads to the obvious conclusion that they do not represent one 
and the same process. It is therefore proposed that chromosome duplication 
involves simply the joining together of the genic material which had previ- 
ously been synthesized on the chromosome. It should be pointed out that this 
is the conclusion which BELLING (1931) had reached from his cytological 
studies. 

It is further proposed that chromosome duplication is initiated at a number 
of loci forming partial replicas along the length of the chromosome. There 
need not be any correlation between the loci where duplication is initiated on 
the homologous paired chromosomes. In the absence of crossing over, the 
partial replicas laid down on one chromosome meet and join to form a new 
chromatid. Crossing over occurs when the homologous parental chromosomes 
are closely paired and union occurs between the end of a replica from one 
chromosome with the end of a replica from the other. The parental chromo- 
somes acting as templates ensure that only equal crossing over will occur, i.e., 
since on the parental chromosome a is next to b, a replica with @ at its end 
can unite only with the b end of another replica. This is in essence only a 
modification of the hypothesis of crossing over which BELLING proposed in 
his 1931 paper. 

It has long been recognized that the problem of crossing over is basic to the 
study of genetics. Following a very active period in the early '30’s it has not 
been the subject of much intensive research. More work is needed in this 
field, and it is hoped that the new findings on recombination in microorganisms 
will stimulate further studies on this important but elusive problem. 
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SUMMARY 


The low frequency of twin spots resulting from somatic crossing over be- 
tween attached-X chromosomes of Drosophila melanogaster suggests that 
such exchanges are normally limited to the newly formed chromatids. Aging 
of the mothers as virgins before mating results in a nine-fold increase in the 
frequency of twin spots recovered in the offspring. This increase is interpreted 
as being due to sister-strand exchanges. Somatic crossing over between the 
new chromatids in attached-X’s will give rise to only wild type tissue unless 
associated with sister-strand exchanges. The results herein reported support 
the BELLING hypothesis of crossing over. 
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P‘ JLLEN color in the genus Gossypium (cotton spp.) varies from deep 
orange to practically white. The genetics of pollen color has only been 
studied in six species : 
Diploid species 
A genome—G. arboreum L. and G. herbaceum L. 
B genome—G. anomalum Wawra & Peyr. 
Amphidiploid species (AD genome) 
—G. hirsutum L., G. barbadense L. and 
G. tomentosum Nutt. 


In the diploids with A and B genomes, S1Low (1941) showed that there are 
three basic levels of pollen color: yellow, pale yellow and cream, which are 
determined by genes at two complementary loci, Pa and P». When the domi- 
nant genes, P, and P,, are present in both loci, pollen color is yellow. When 
P, alone is present pollen color is pale yellow, and with P, alone pollen color 
is cream. No types have been found so far which are recessive in both loci 
(Pa Po). 

The distribution of these gene combinations in the three species is shown 
below. In presenting the genotypes it is convenient to list them in gametic, 
rather than in somatic terms (i.e., Pa ?» instead of Pa Pa Py Py). This pro- 
cedure will be followed throughout this paper. 


Genotype Color Species in which found 
PP, Yellow Common in arboreum and herbaceum 
PaPp Pale Found in one race of arboreum 
ba Ps, Cream Found in one race of berbaceum; the 


only type found in anomalum 


In the amphidiploids, HARLAND (1929, 1939) found that pollen color is 
determined by a single pair of alleles, P and p. When P is present the color 
of the pollen may be orange or various shades of yellow depending on the 
residual genotype. When P is replaced by / the pollen color is always cream. 
The distribution of these alleles among the three species is as follows: 

P—Common in barbadense, more rare in hirsutum, only type found in 
tomentosum., 
p—Common in hirsutum, rare in barbadense. 


1 Contribution from the North Carolina Agricultural Experiment Station. Published 
with the approval of the Director as Paper No. 541 of the Journal Series. 
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In the remaining species of Gossypium no information on the genetics of 
pollen color is available. Yellow and cream are both common: 


Genome Species Pollen color 


armourianum Kearney Yellow 
harknessii Brandg. ae 
klotzschianum Anderss. 


. 


sturtii F. y. Muell. Cream 
thurberi Tod. 

aridum (R. & S.) Skovsted 

gossypioides (Ulb.) Standley 

raimondii Ulb. 

stocksii Mast. 


hee ted . 


mouo0n oUN 
AAAAAD AAD 


. 


The pollen colors of G. areysianum Deflers, G. somalense Gurke, G. triphyl- 
lum Hoch., and G. robinsonii F. v. Muell., do not seem to have been described 
in the literature available to the author. 

From the evolutionary point of view the genetic relation between the amphi- 
diploid (AD) genome and the diploid A and D genomes from which it was 
derived is of particular interest. Since vellow and cream pollen colors occur 
both in the A and in the D genomes it is possible that the ancestral amphi- 
diploid carried duplicate, or possibly quadruplicate loci concerned with pollen 
color. Theoretically it should be possible to analyze the current genetic situa- 
tion in the amphidiploid species, by transferring to them appropriate pollen 
color genes from the related diploids. However, the necessary hybrid combi- 
nations are only now being synthesized. The first steps toward a comparative 
genetic analysis are reported here. 


METHOD OF COMPARATIVE ANALYSIS 


The problem to be investigated is the comparative genetics of an amphi- 
diploid genome and the diploid genomes from which, presumably, it was de- 
rived. Certain gene loci which are common to diploid and amphidiploid groups 
are particularly suitable as analytical tools. The initial steps in the investiga- 
tion do not necessitate the production of fertile hybrid combinations nor the 
analysis of segregating populations. We may assume as a working hypothesis 
that similar loci in different species of the same genus control basically similar 
mechanisms. This assumption implies nothing concerning the cytological ho- 
mology of the loci; it merely supposes that similar end effects are produced 
by similar genetic mechanisms. With this as a starting point one may use 
known genetic relations in the diploids to survey the probable genetic relations 
in the amphidiploid. 

In the case of the pollen color loci in Asiatic diploids it is known that two 
qualitatively different steps, controlled by P, and P,, are essential parts of a 
sequence leading to the production of yellow pollen. As a working hypothesis 
one may assume that this sequence is common to the genus as a whole. If this 
be granted, cream pollen types with known genotype fa P?» could be used to 
test for the presence of a “ P, type” gene in pale pollen types of unknown 
genetic constitution in any other species in the genus. A positive reaction 
(production of a hybrid with complementary yellow pollen color) would indi- 
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cate that the unknown pale pollen type carried a “ P, type” gene. Similarly 
P, py types could be used to test for the presence of a “ P, type” gene. Cross 
reactions of this type would not, of course, imply that the parental types were 
cytologically homologous in respect of the two loci. 

This kind of information has been steadily accumulating for nearly thirty 
years, in the numerous sterile hybrid combinations which have been obtained 
from interspecific crosses, but has not been used so far as a basis for more 
critical genetic analysis. The latter requires the synthesis of fertile hybrid 
combinations, but, as will be shown, interpretation of results is aided by a 
knowledge of the cross reactions obtained in sterile combinations. 

In order to apply a test for a complementary pollen color reaction it is 
necessary to be able to distinguish genetically yellow from non-yellow types 
with a high degree of confidence. As mentioned earlier, the precise shade of 
color developed is influenced by the residual genotype. HARLAND and SILow 
(loc. cit.) found it necessary to set up a series of arbitrary pollen color grades 
with which the pollen from freshly opened flowers was compared in the labora- 
tory. The arbitrary grading system is unnecessary if the anthers are examined 
one or two days before the flowers open. At this stage the distinction between 
yellow and non-yellow genotypes is relatively clear cut, even in the segregating 
progenies of interspecific hybrids. In fact, most of the variation measured by 
the grading system is probably attributable to conditions after the flowers 
open. In the open flower the apparent pollen color is influenced by such fac- 
tors as the density of pollen on the dehisced anthers, the size and arrange- 
ment of the anthers, the amount of anther dehiscence, and the amount of 
desiccation which occurs. Cream pollen types in particular appear pale yellow 
when their flowers commence to fade. On the contrary, in the unopened bud 
within two days of flowering, the anthers have reached their maximum size 
and are packed closely together with the enclosed pollen at approximately uni- 
form density and protected from desiccation by the intact anther walls. In the 
work to be described pollen color was scored in the unopened bud and checked 
in at least one other bud and also in freshly opened flowers. In the material 
examined (segregating progenies from a tri-species hybrid, in which genetic 
variation should be extremely great) pollen color was found to be consider- 
ably more variable in the open flower than in the unopened bud. 


INTERSPECIFIC HYBRIDS INVOLVING PARENTS WITH NON-YELLOW 
(1.E., PALE OR CREAM) POLLEN 

Over a period of several years interspecific hybrids in which both parents 
have non-yellow pollen have been obtained. The list given in table 1 includes 
material observed by the author in various cotton collections as indicated. It 
will be noted that none of the hybrids examined had complementary yellow 
pollen color. 

From the point of view of comparative genetic analysis only one of the non- 
yellow parents in this list, anomalum, has a known genotype, pa P». As its 
hybrid with hirsutum is also non-yellow it is likely that cream pollen hirsutum 
types do not carry a “ P, type” gene, i.e., they should be genotypically pa P» 
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or Pa Py. Of these alternative genotypes, Pa P», is only one step removed from 
full yellow pollen color, P, P», while Pa P» should require two steps. Because 
pollen color in the amphidiploids as a whole is controlled by a single pair of 
alleles, P and p (HARLAND 1929), it is clear that the most likely genotype for 
cream pollen hirsutum is pa Py and for yellow pollen hirsutum, P, Py. In other 
words the P locus described by HARLAND is probably equivalent to (though 
not necessarily homologous with) the P, locus in Asiatic diploid cottons. An 
alternative possibility cannot of course be discounted, namely that the step 
symbolized by P in amphidiploids is equivalent to both Pa and P, acting 
jointly as a unit. 

Following similar reasoning, it would be expected that all the remaining 
non-yellow pollen colored types listed in table 1 lack a “ P, type gene ” because 
TABLE 1 

List of interspecific hybrids in the genus Gossypium in which both parents have 
cream pollen color. The genomes of the species used as parents are shown in 


parenthesis. No hybrids with complementary yellow pollen color have yet been 
observed. 








Hybrid Pollen color Cross made by 
hirsutum (AD), X anomalum (B) Cream* RHYNE (unpublished) 
” X sturtii (C) Cream SKOVSTED (1935) 

” x thurberi (D), Cream SKOVSTED (1937) 
a xX aridum (D), Cream SKOVSTED (1937) 
- X raimondii (D)s Cream RHYNE (unpublished) 
unomalum (B) xX thurberi (D), Cream SKOVSTED (1937) 
X aridum (D4) Cream SKOVSTED (1935) 
aridum (D), X thurberi (D); Cream SKOVSTED (1935) 
thurberi (D), |X raimondii (D)s Cream RHYNE (unpublished) 





*Except in the case of the starred entries, the pollen color was checked in the 
original material by the author in the cotton collections of the Trinidad Cotton Re- 
search Station, Texas Agricultural Experiment Station, and North Carolina Expe-'- 
ment Station. The starred entries have been verified by personal communication. 
none give complementary yellow hybrids on crossing either with anomaluim or 
hirsutum. Their probable genetic constitution is therefore pa P» or Pa Py, (un- 
less both loci are missing from their respective genomes). 

From these considerations it seems likely that although potentially there 
could be four loci in the amphidiploids—two in the A genome and two in the 
D genome—yet pollen color in this group is determined by changes at only 
one locus, probably of the “ P, type.” When “ ?,” is present the pollen is 
yellow ; in its absence the pollen is cream. Since only one locus is involved it 
should be possible to locate it either in the A or in the D genome. 


LOCATION OF A “ P, TYPE” LOCUS IN THE A GENOME OF AMPHIDIPLOIDS 
Materials 


The material used in locating the pollen color locus of amphidiploid cottons 
was derived from a tri-species hybrid, (hirsutum x arboreum) x raimondii. 
Pertinent data regarding the parents of this hybrid are given in table 2. 
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TABLE 2 


Constitution of parents used in synthesis of triespecies hybrid. 











Pollen 
Species Variety Genome 
Color Genotype 
hirsutum Half & Half (AD), Cream Presumed p, Pp, 
arboreum Nanking A, Yellow Known P,P, 
raimondii tae Ds Cream P, absent, Pp ?? 





The tri-species hybrid was obtained by crossing a hexaploid, hirsutum 
< arboreum, genome constitution 2 [Az (AD),], with raimondi (D; genome). 
The hexaploid was synthesized circa 1941 by BEASLEY (unpublished), who 
obtained it by crossing the Upland (hirsutum) variety “ Half & Half” by an 
arboreum strain ‘“ Nanking’ and doubling the chromosome number of the 
triploid so obtained by the colchicine technique. The original hexaploid hybrid 
was maintained by graft at Raleigh for a number of years. One of these grafts 
was crossed successfully with raimondii by the author in 1950. The resulting 
tri-species hybrid should have the approximate constitution (AD),/Ag Ds. 
The term “ approximate ”’ is used advisedly because the gametic output of the 
hexaploid parent is expected to be quite variable (GERSTEL 1953). 

The tri-species hybrid was found to be practically male sterile, but back- 
crosses to hirsutum were easily obtained when it was used as the female 
parent. However, because few seeds were set per boll it was difficult to obtain 
backcross progenies of adequate size. This difficulty recurred to some extent 
in obtaining the second backcross generation and was intensified by abnor- 
mally dry weather conditions in 1951. Pollen color in the tri-species hybrid 
was yellow, as expected, since it carried both P, and P, genes in the arboreum 
genome. The first backcross to hirsutum was made to three different Upland 
strains—STDH, $4035 and C100. All three strains had cream pollen; their 
genotypic constitutions with respect to other loci are not relevant here. Yellow 
pollen segregates in the first backcross were crossed to two other hirsutum 
types ($5148 and SM2) both carrying yellow pollen color, in order to test for 
homology of the P locus. 

Experimental results 

Before presenting the results obtained in these experiments it will be con- 
venient to summarize the putative genotypic constitution of the tri-species 
hybrid based on the arguments presented in the previous section. As seen in 
table 2, if the presumptive genetic constitutions of the P loci in the (AD), 
and D; genomes are correct, only one ?, gene should be present in the tri- 
species hybrid (in the Az genome) and in backcrosses to hirsutum the pro- 
duction of yellow pollen types would be determined solely by the transmission 
of this gene. If pairing between genomes were approximately normal, mono- 
factorial segregations, 1 yellow (?, P»): 1 cream (fa Ps»), would be expected. 

Only three small backcross families were raised. The results shown in table 
3 give a poor, though statistically acceptable agreement with the ratio expected. 











706 S. G. STEPHENS 


TABLE 3 


Segregations for pollen color obtained in three backcross families of the 
triespecies hybrid to hirsutum cream pollen types. 





Pollen color 











— Constitution Total 
’ Yellow Cream 
1 3-sp. hybrid x C100 9 16 25 
2 ” x STDH 14 11 25 
3 = x $4035 3 11 14 
Combined 26 38 64 





x? (1:1) = 2.250; P (1) = .20 —.10. 
x? (het) = 4.641; P (2) =.10 —.05. 

Three plants were selected which had yellow pollen color ; two from family 1 
and one from family 2 in table 3. They were crossed with an Upland type 
(S5148) heterozygous for the hirsutum yellow pollen color gene (Pp) as a 
homozygous (PP) strain was not available at the time. Since the plants 
selected had poor pollen fertility they: had to be used as female parents in 
making the crosses. The progenies from all three crosses segregated for yellow 
and cream pollen color but a total of only 26 plants was raised, 22 of which 
yielded selfed progenies. The segregations obtained in these selfed progenies 
are presented in table 4. 

It will be noted in table + that the yellow pollen class is sub-divided into 
* full yellow ” and * dilute yellow.” Cream pollen types could always be dis- 
tinguished readily from the other two classes, but the distinction between 
“full” and * dilute” yellow was not clear cut. When pollen from progres- 
sively younger buds was examined it was found that the distinction between 
* full” and “ dilute became untrustworthy, while the cream types were still 
readily distinguishable. Since it will be shown later in this paper that there 
was no major genetic difference between the “ full’’ and * dilute” yellow 
types it will be convenient to consider them for the present together as yellow. 
Of the 22 progenies examined, 7 were homozygous for yellow, 10 segregated 
for yellow and cream and 5 were homozygous for cream. These proportions 
are clearly in agreement with the monofactorial ratio expected on crossing 
two types heterozygous for the same gene. If the yellow pollen color genes 
from the tri-species hybrid and from the heterozygous Upland tester were 
carried at duplicate loci, no homozygous yellow lines should have been ob- 
tained. 

The compositions of the 10 segregating progenies did not give a very good 
agreement with expectation. On a monofactorial basis, all should have been 
segregating, 3 yellow: 1 cream. Three of the progenies (starred in the table) 
differed significantly from expectation, and as a result although the pooled 
data gave a satisfactory agreement with the monofactorial ratio expected, the 
total heterogeneity was very high. The remaining seven progenies considered 
separately gave a good agreement with expectation: x? (3:1) = 0.006, P = 
.95-.90 ; x (het.) = 7.889, P (6) = .30-.20. 
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TABLE 4 


Segregations for pollen color obtained in the selfed progenies from the second 
backcross of the triespecies hybrid to hirsutum. Both the first backcross selec- 
tions and the hirsutum type used as parents in making the second backcross were 
heterozygous for pollen color (see text). 


























Family Yellow 
anit — — Cream Total x? 

1A-2 48 ~ i 48 
1A-3 52 ses sack 52 
1A-5 35 4 nie 39 
1A-6 34 4 — 38 
2-2 46 Sods we 46 
2-3 51 5 pats 56 
2-6 22 1 cae 23 
Total homo. 

yellow 288 14 sons 302 
1A-1 oe ues 48 48 
1B-2 is en 28 28 
1B-6 ae mt 27 27 
1B-8 sais — 26 26 
1B-10 ad wn 53 53 
Total homo. 

cream a ae 182 182 
1A-4 25 — 5 30 1.111 
1A-7 5 6 8 19 2.965 
1B-3 13 2 12 27 5.444* 
1B-4 7 a 11 18 12.519* 
1B-7 7 3 3 13 0.026 
1B-9 5 1 1 7 0.429 
1B-11 25 6 12 43 0.194 
1B-12 18 15 15 48 1.000 
2-1 28 6 2 36 7.259* 
2-5 35 7 8 50 2.160 
Total 

segregating 214 77 291 
Expected (3:1) 218.25 Tat 291 





x? (3:1) = 0.331; P (1) =.70 —.50. 
Xx? (het) = 32.776; P (9) = <.001. 


In spite of the unsatisfactory nature of the data from the segregating proge- 
nies, it can be seen readily that a monofactorial interpretation is the only one 
which fits the facts. If duplicate factors had been involved, the seven appar- 
ently homozygous yellow families should be in reality heterozygous and segre- 
gating in a 15:1 ratio. The probability of recovering no cream segregates in 
family sizes of larger than 47 individuals is less than 5%, so that a duplicate 
factor interpretation is not acceptable in the cases of three of the seven families. 
The probability of obtaining three such families by chance would be very low. 
More complex hypotheses can be also excluded. For example, with three loci 
involved only 1/8 of all families should be homozygous cream as compared 
with 5/22 found. 
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The genetic constitution of the dilute yellow segregates was next investi- 
gated. Two dilute plants were selected, the first from family 2-3 and the sec- 
ond from family 1A-7 (see table 4). The first selection was found to be homo- 
zygous. It was crossed with a cream hirsutum stock (C100) and six of the 
hybrids obtained were selfed and also backcrossed to C100. The segregations 
observed are listed in table 5A. Both selfed and backcross data are in good 


agreement with a monofactorial hypothesis and it is clear that there is a single 
gene difference between dilute yellow and cream. It will be noted that only a 
low and variable proportion of plants was classed as full yellow, the majority 


TABLE 5 


Breeding behavior of two dilute yellow pollen colored types selected from the 


progenies shown in table 4, F = full yellot 











w, D =dilute yellow. 


(A) Selection from family 2-3 crossed with C100 (cream pollen) 





Progenies of hybrids 




















Hybrids obtained (a) selfed (b) x C100 
No. Phenotype Yellow Yellow 
———_ Cream Total —— Cream Total 
F dD F D 
1 Not scored 3 6 2 11 a nae 14 12 26 
2 Not scored 12 5 17 ae 6 8 14 
3 Dilute ne aoe — l 12 11 24 
4 Dilute 1 9 4 14 Pace 8 7 15 
5 Full yellow 4 9 4 13 ] 8 16 25 
6 Dilute 2 8 3 13 iach 10 P 15 
Toral 50 18 68 60 59 119 
Expected (3:1) 51 17 68 (1:1) §9.5 59.5 119 





xX? 3:1) =0. 
x? (het) =0. 


078; P (1) = .80—.70 
723; P (4) = .95 — .90 


x? (1:1) 


= 0.008; P (1) = .95 — .90 
X? (het) = 4.293; P (5) = .70 — .50 





(B) Selection 


from family 1A-7 crossed with SM2 (yellow pollen) 








Progenies of hybrids 





























Hybrids obtained (a) selfed (b) x C100 
No. Phenotype Yellow Yellow 
- Cream__—‘ Total — Cream Total 
F D F D 
1 Full yellow 1 13 14 
2 Dilute 6 22 28 
3 Dilute &$ a 29 
4 Dilute Ses pag ried Sie 6 3 17 26 
5 Dilute 5 Py 3 15 l 5 3 9 
6 Dilute 4 8 3 15 7 7 14 
Total seg. 
progenies 2 6 30 22 27 49 
Expected (3:1) 24.5 ton 30. (2:1) 24.5 24.5 49 





x? (3:1) = 0.400; P (1) = .70 —.50 
x? (het) = 0.000; P (1) = 1.00 


x? (1:1) = 0.510; P (1) = .50 — .30 
xX? (het) = 2.952; P (2) = .30 — .20 
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of the yellows being dilute. The second selection (from family 1A-7) segre- 
gated full yellow, dilute yellow and cream on selfing. It was crossed with a 
hirsutum stock (SM2) which was homozygous for full yellow pollen. If full 
yellow and dilute yellow were determined by independent genes, the hybrids 
obtained should be of two types (1) heterozygous in two loci for full yellow 
and dilute yellow (2) heterozygous in one locus for full yellow and cream. 
The latter should not carry the dilute yellow gene. Six of the hybrids actually 
obtained were selfed or test-crossed to cream (C100). As shown in table 5B, 
three of the families did not segregate for cream but consisted of varying pro- 
portions of full and dilute yellows. The remaining three families segregated for 
cream but included also dilute yellows in addition to the expected full yellows. 
It seems clear that there was no major genetic difference between full yellow 
and dilute yellow. Furthermore the data give good agreement with the expec- 
tation of a monofactorial difference between yellow (full+ dilute) and cream. 

From these results it may be concluded that a gene determining yellow 
pollen color, introduced from arboreum via the tri-species hybrid into hirsu- 
tum, is identical or allelic with the gene determining yellow pollen color in 
hirsutum and other amphidiploid cottons. That is, the P locus in amphidiploids 
is carried in the A sub-genome of the AD chromosome set. 

DISCUSSION 

The material which has been presented provides evidence that a gene for 
yellow pollen color when transferred from arboreum to hirsutum via a tri- 
species hybrid is identical or allelic with the hirsutum gene for yellow pollen. 
This means that the pollen color locus in New World amphidiploid cottons 
as a whole, including Airsutum, is carried in the A genome of the AD chromo- 
some set. The evidence rests on the breeding behavior of the hybrids obtained 
from crossing types heterozygous for arboreum yellow with a type heterozy- 
gous for hirsutum yellow. The proportions of heterozygous and homozygous 
families obtained were in accordance with monofactorial expectation and were 
not in agreement with those expected on other, more complex, hypotheses. 

The arboreum genome in the tri-species hybrid contained two genes, Pa and 
P», at complementary loci. In backcrosses to hirsutum only one of these loci 
must have been segregating because monofactorial ratios were obtained. That 
is, hirsutum cream pollen types must carry either P, or Py. If they carried Py 
they would be expected to give complementary yellow hybrids with anomalum 
which carries Py. Since as shown in table 1, the hybrid between hirsutum 
cream and anomalum is not yellow, it is more likely that hirsutum cream 
lacks P, and carries P,. On this basis it is the Pa locus which segregated in 
the backcross of the tri-species hybrid to hirsutum cream. It is probably the 
P, locus in arboreum which is homologous with the pollen color locus in 
hirsutum, (i.e., in general terms, HARLAND’s P locus for the New World 
amphidiploid cottons is homologous with arboreum P,). Admittedly this in- 
terpretation is not critical as the direct test 
Pap», and hirsutum cream 





a cross between pale arboreum, 
has not yet been made. If this hybrid, when 
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made proves to be complementary yellow the evidence presented here will be 
confirmed. 

From the evidence available at present the probable location of a P, locus 
in the amphidiploids can be ascertained. The evidence provides no clue as to 
the location of the P, locus. This could be carried either in the A genome or 
in the D genome or in both genomes. However, since no visible segregation 
at the P, locus was observed it follows that if this locus is simplex in hirsu- 
tum it must have been homozygous in the material studied here. This condi- 
tion would be satisfied equally well by two alternative constitutions for the 


tri-species hybrid as illustrated below : 

















Genome A Il. 
arboreum (A,) P,P, PaPp, 
[ Pirsutum (A) Pa- Pa Pp 
| birsutum (D) - Ps acess? 
raimondii (Ds) - Pp, > 





In case I there is no locus homologous with arboreum P, in the A genome of 
hirsutum. Segregation for presence or absence of ?, would be masked by the 
homozygous condition of P, in the D genome. This interpretation would re- 
quire both raimondii and hirsutum to be homozygous for P, in the D genomes. 
In case II, hirsutum carries P, at a locus homologous with arboreum P». 

If there is a P, locus in both genomes (duplex condition) various combi- 
nations exist, but all would require that one Py locus at least should be homo- 
zygous. It seems likely that some of the various possibilities can be excluded 
by studying segregations in hybrids between hirsutum and various diploid 
species which carry the D genome. Hybrids of this type are now available in 
several experiment stations. 

SUM MARY 


(1) The available information on the inheritance of pollen color in the 
genus Gossypium is summarized along with new experimental results. 

(2) Assuming as a working hypothesis that the genetic mechanisms are 
basically similar throughout the genus it is possible to lay the groundwork for 
a comparative analysis of the amphidiploid cottons (AD genome) and the 
diploid cottons (A and D genomes) from which they were derived. 

(3) By means of a tri-species hybrid involving, G. hirsutum, G. raimondii 
and G, arboreum as parents, it has been possible to show that the pollen color 
locus in the amphidiploids is located in the A genome. 

(4) It is highly probable that the locus concerned is homologous with the 
P, locus in the diploid, G. arboreum. The evidence is not yet critical on this 
point. 

(5) The amphidiploids probably carry one or more P, loci in addition to 
Pq. The location of the P, locus or loci remains unknown. Various possibilities 
amenable to more critical tests are presented. 
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HE color of the petals in all species of Gossypium which have been 

studied is dependent on the presence or absence of two distinct classes 
of sap-soluble pigments—anthocyanins and flavonols. The two classes of pig- 
ments are controlled by independent genetic systems and with few exceptions 
there is little physical interaction between them. In most cases their effects 
can conveniently be considered as additive; the flavonols providing a more 
or less uniform ‘ background color” in the petal upon which the various 
anthocyan patterns are superimposed. The term “ corolla color ” should prop- 
erly refer to the effects of both the flavonol and anthocyan pigments, but by 
common usage by cotton geneticists it has come to be restricted to the back- 
ground color only, i.e., to the effects of the flavonol pigments per se. 


PRESENT STATUS OF INFORMATION ON THE CHEMISTRY OF 
THE FLAVONOL PIGMENTS IN GOSSYPIUM 


Considering the genus as a whole only three distinct levels of pigmentation 
of the corolla are known—Yellow, “ Pale” (i.e., pale yellow or cream) and 
‘ white.” The use of the term, White, as a description of corolla color in this 
paper is reserved for the pure white types found only in one species, G. 
arboreum \.. These contain only traces of flavonol pigments. The term, “ Pale ” 
covers a range of pigmentation from off-white through cream to pale yellow, 
but all flowers in this category contain appreciable amounts of flavonol pig- 
ments. Earlier workers have not always made this distinction, and have termed 
off-white types, ““ White.”” The distinction is an important one as will become 
obvious in this paper. 

The anthocyanin-free extracts from Yellow and Pale corollas give positive 
reactions to simple tests for the presence of flavonols such as (1) golden yel- 
low colors in alkaline solution, (2) yellow to orange precipitates with lead 
acetate and (3) green colors with ferric chloride (see Scott-MONCRIEFF 
1936). Yellow flowers contain mixtures of flavonol pigments (PERKIN 1899, 
1909, 1916; NEELAKANTAM et al. 1935, 1937). These authors are not in 
complete agreement as to the glucosidal nature of the pigments concerned but 
it seems to be clearly established that glucosides of the three flavonols, 
gossypetin, quercetin and herbacetin, are present. 


1 Contribution from the North Carolina Agricultural Experiment Station. Published 
with the approval of the Director as Paper No. 542 of the Journal Series. 


GENETICS 39: 712 September 1954. 
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Only one Pale flowered type has been studied adequately, namely, that 
occurring in Upland cottons (G. hirsutum L.). In this material VrEHOVER 
et al. (1918) found only glucosides of quercetin to be present. Preliminary 
chromatographic studies by the present author suggest that genetically dif- 
ferent Pale flowers contain different flavonols but it has not yet been possible 
to work out their interrelations. At present it seems likely that White flowered 
types are unable to synthesize appreciable amounts of flavonol pigment, that 
Pale types are able to synthesize one or more of the pentahydroxy-flavonols 
(e.g., quercetin and herbacetin) and that only the Yellow flowered types are 
able to synthesize the hexahydroxy-flavonol, gossypetin. The structural for- 
mulae of these pigments are shown in figure 1. 


HO OH 


“ [ J. 


HO 9g 


HO 
(b) | 


OH 





Figure 1.—Structural formulae of the three flavonol pigments found in species of 
Gossypium: (a) gossypetin, (b) herbacetin, (c) quercetin. In the living petals these 
pigments exist as glucosides, the hydroxyls marked by dots being substituted by glucose 
molecules. In the case of quercetin the glucose molecule may be attached either in the 
3 or 7 position. 
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PRESENT STATUS OF GENETIC INFORMATION 


The genetics of corolla color has been investigated quite thoroughly in two 
groups of species (a) the diploid Asiatic species (G. arboreum L. and G. 
herbacewm L..) and the related African diploid, G. anomalum Wawra & Peyr., 
(b) the amphidiploid species, G. hirsutum L., G. barbadense L. and G. tomen- 
tosum Nutt. These represent only six out of more than twenty species known 
in the genus. It is clearly of interest from the evolutionary point of view to 
obtain more information on interspecific homologies, particularly those exist- 
ing between the amphidiploids and the two diploid groups from which they 
were derived. 


The Asiatic (A genome) and African (B genome) diploid species 

In the majority of arboreum strains, corolla color is determined by a series 
of multiple alleles: Y¥,—Yellow, Y"’,—Pale and y,—White (HUTCHINSON 
1931). However, in certain Chinese strains of this species, a Pale mutant is 
found at a duplicate locus, Y,. Chinese Pale types are complementary both 
with Common Pale and White types, giving yellow-flowered hybrids in each 
case (Siow 1941). 

In the African species, G. anomalum (B genome), the corolla color is cream 
modified towards “ pinkish cream”’ by the presence of anthocyanin in addi- 
tion to the flavonol pigment. StLow showed that anomalum crossed with either 
Common Pale or White types gave complementary yellow hybrids. By means 
of a series of backcrosses to arboreum Yellow he was able to show that anom- 

TABLE 1 


Interactions of the triplicate loci for corolla color on an arboreum background. 























Type Genotype Phenotype Species in which found 
1 Yellow Yataere Yellow G. arboreum & G. herbaceum 
2 Common Pale nh oh Uniformly pale G. arboreum only 
3 Chinese Pale TW. %. Pale, with Chinese strains of arboreum 
intensification only 
around ‘‘throat’’ 
of corolla 
4 anomalum ¥2¥a'. Uniformly pale G. anomalum 
Pale 
5 White Veta White G. arboreum only 
6 Pale Y°,YpY". Near-white Synthetic (SILOW, 1941) 
combination 
7 Pale* Teh sv White, with Synthetic (SILOW, 1941) 
intensification 
around ‘‘throat’’ 
of corolla 
8 Double Ya aYe White (indistin- STEPHENS (unpublished) 
recessive guishable from 


(5)) 





*A Chinese arboreum strain of this type was also obtained by the author from 


MR. C. P. YU’s collection under the name, ‘Chinese Pale.’’ 


phenotype agreed with SILOW’s synthetic type. 


Its genotype and 
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un 


alum carried a Pale allele at a third locus (Y.) since the extracted anomalum 
Pale types gave complementary yellow on crossing either with Common Pale 
or Chinese Pale. The complementary nature was confirmed by breeding tests. 
The interactions of the triplicate loci are summarized in table 1. 

HvutTcHINson (1931) noted an interesting pleiotropic effect on petal size 
associated with mutants at the Y, locus. Yq types have larger petals than Y”, 
types which in turn are larger than y,. The Pale mutant at the Y, locus has no 
effect on size (StLow 1941). The anomalum Pale type on an arboreum back- 
ground was found by SILow to have small petals. 


Amphidiploid species (AD genome) 

HARLAND (1929, 1936, 1939) showed that duplicate loci are concerned with 
corolla color in the amphidiploid species. These were given the symbols, Y, 
and Y.2, by HutcHINnson and Siow (1939). All Yellow amphidiploid types 
except darwinti (a variety of G. barbadense) carry the gene, Y;. The yellow 

TABLE 2 


Corolla color genotypes in New World (amphidiploid) cottons and their distribu- 
tion in the different species. Data obtained from HARLAND (1939). Symbols after 
HUTCHINSON and SILOW (1939). 











Phenotype Genotype Species in which found 





Yellow Yi¥a The common type in G. barbadense L., only type 
found in G. tomentosum Nutt., frequent in G. 
hirsutum L. 


Yellow yiYa Only found in G. barbadense var. darwinii (Watt) 
nov. comb. Hutchinson. 
Pale Yiva The common type in G, hirsutum (Upland strains). 


Infrequent in G. barbadense. 





corolla color in darwinii is determined by VY». In the absence of both Y,; and 
Y. the corolla color is Pale (\; V2). These interrelations are summarized in 
table 2. Superficially the genetic situation appears far simpler than in the 
Asiatic and African diploids (compare tables 1 and 2). 


INTERSPECIFIC HYBRID COMBINATIONS IN WHICH BOTH 
PARENTS HAVE NON-YELLOW COROLLA COLORS 


It has been pointed out in an earlier paper (STEPHENS 1954) that when 
complementary genetic types exist, each may be used as a tester to determine 
the presence or absence of the other complementary gene in any type with 
which it will cross. In cotton this provides an extremely useful tool since many 
interspecific combinations can be made and hence a primary analysis can be 
performed on the distribution of the complementary loci over a wide range of 
species. Tests of this type, of course, are only valid if one assumes that the 
genetic mechanism involved is basically similar throughout the genus. But 
a preliminary survey along these lines can be made even when the hybrids 
obtained are sterile. More critical analysis depends on the synthesis of fertile 
combinations which can be subjected to breeding tests. 
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In the case of corolla color, all the Pale or White types listed in table 1 
are potential testers for the presence or absence of one or more complementary 
corolla color genes. For example, any non-yellow type which produced a yellow 
flowered hybrid in combination with Type 5 in table 1 could be assumed 
provisionally to carry a gene of the “ Yq type,” where “ Y, type ” might indi- 
cate a gene homologous with Yq, a duplicate of Y, or merely a gene which in- 
cluded a “ Y,-like process” among its functions. With triplicate comple- 
mentaries available, it should be possible to define the limits of the comple- 
mentary behavior rather precisely. 


TABLE 3 


List of interspecific hybrid combinations obtained from crosses in which neither 
parent had yellow corolla color. Genomes indicated in parenthesis. The arboreum 
White and anomalum types used have the genotypes, yYaYpYe and YgYpY"o, 
respectively. 











Hybrid ééiee 
arboreum (A,) White = anomalum (B) Yellow SILOW (1941) 
ad x hirsutum (AD), Yellow STEPHENS (1942) 
- x thurberi (D,) Yellow STEPHENS (unpublished) 
- xX aridum (D4) Yellow STEPHENS (1942) 
F x raimondii (1s) Yellow STEPHENS (1942) 
- x sturtii (C) Yellow* STEPHENS (1942) 
anomalum (B) x hirsutum (AD), Pale SKOVSTED (1937) 
ig x thurberi (D,) Pale SKOVSTED (1937) 
4 x aridum (D4) Pale SKOVSTED (1935) 
hirsutum (AD), x thurberi (D,) Pale SKOVSTED (1937) 
x aridum (D4) Pale SKOVS TED (1937) 
x raimondii (Ds) Pale RHYNE (unpublished) 
x gossypioides (D6) Pale BROWN & MENZEL (1952a) 
“ sturtit (C) Pale* BROWN & MENZEL (1952b) 
thurberi (D,) x aridum (D4) Pale SKOVSTED (1935) 
x raimondii (Ds) Pale RHYNE (unpublished) 
x sturtii (C) Pale* WEBBER (1935) 
raimondii (Ds) x gossypioides (Dé) Pale BROWN & MENZEL (1952c) 





*Determined indirectly (see text). 

At the present time only two of the types available (numbers 4 and 5 in 
table 1) have been hybridized extensively with other species. The hybrid 
combinations which have been studied are listed in table 3. All the corolla 
colors of the hybrids listed in this table, with one exception, have been seen 
by the author in the original material or else checked by personal communi- 
cation with the person making the cross. The single exception is the sturtii x 
thurberi combination reported by WesBBER (1935). Since corolla color in 
sturtii hybrids as a whole requires explanation, the sturtii x thurberi hybrid 
can be considered along with the others. The flower of G. sturtii itself con- 
tains a large amount of anthocyanin which effectively masks the flavonols 
present and results in a purplish mauve color. In hybrid combination, ar- 
boreum (White) x sturtii, the petal color is shifted toward red and becomes 
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a pale magenta. Hybrids of this type were treated with colchicine by the 
author and one of the treated plants developed large mosaic sectors, similar 
to those described by MENzEL and Brown (1952) in other material. Many 
large sectors in which the anthocyanin was lost appeared in the flowers— 
such sectors were usually not white but yellow. This may be taken to indicate 
that although normally masked by the anthocyanin present in the corolla, the 
hybrid was genotypically complementary yellow. The redder shade of the 
hybrid petals as compared with those of the sturtii parent may be ascribed 
to this underlying complementary reaction. SKOvsTED’s (1935) records of 
corolla color in sturtii hybrids show that when this species was hybridized 
with yellow corolla types, the mauve color of sturtii was shifted towards 
reddish mauve, and a similar shift would be expected in the case of a com- 
plementary yellow produced in a White x Pale combination. 

The author also was able to examine the flowers of a hirsutum x sturtii 
hybrid in Dr. M. S. Brown’s material at College Station, Texas. Corolla color 
in this hybrid differs little if at all from that of the sturtii parent. Anthocyanin- 
free extracts of the petals (in ethyl acetate solution) are very light in color 
and yield cream colored precipitates on evaporation. In this respect they 
are quite comparable with similarly prepared precipitates from sturtii itself 
and also from hirsutum pale corolla types, but are quite distinct from the 
yellow precipitates obtained from yellow corollas. It may be concluded that 
hirsutum Pale x sturtii hybrids are genotypically Pale, like their parents. 

The hybrid, sturtii x thurberi, reported by WEBBER (1935) has not been 
seen by the author, but WEBBER’s description of its corolla color—"* inter- 
mediate between white and pale amaranth pink ’—does not suggest an under- 
lying complementary yellow reaction. 

Turning now to a consideration of table 3 it can be seen that the only 
hybrids which have a complementary yellow color are those in which arboreum 
White was used as one of the parents. This White type has the genotype, 
Va Ys Yo, i.e., a single step only—the substitution of Va by Va—is necessary 
to convert it to Yellow. It is therefore reasonable to suppose that all the Pale 
types with which, in combination, it gave complementary Yellow hybrids 
carry a gene of the “ Y, type.” 

G. anomalum has the genotype, Ya Y, Y".. None of its hybrids, other 
than its hybrid with arboreum White, have a complementary yellow color. It 
should follow therefore that none of the Pale types with which it was crossed 
carry a gene of the “ Y. type’ (the single step necessary to convert anomalum 
Pale to Yellow). 

Inspection of the table shows that hirsutum Pale gives a complementary 
yellow hybrid with arboreum White and no complementary reaction with 
anomalum. It should follow from the argument advanced above that hirsutum 
carries a “ Yq type” gene and lacks a “ Y, type” gene. Its constitution in 
respect of a Y» locus cannot be determined directly from the data available. 
Its reaction with arboreum Chinese Pale (see table 1, Type 3) would have to 
be known in order to decide whether a “ Y, type” gene is present or absent. 
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However, indirect evidence suggests that a genotype Y, Y,Y”. is more 
probable than a genotype Y, Y”, Y”.. A single step only should be necessary 
to convert the former genotype to Yellow (substitution of Y”, by VY.) ; two 
steps would be necessary for the latter genotype (substitution of Y”, and Y”, 
by Y, and Y-,). It is known from independent evidence (see table 2) that 
either of two single steps is sufficient to convert hirsutum Pale to hirsutum 
Yellow. It would thus seem likely that HARLAND’s Y, (or alternatively, )2) 
gene is equivalent to arboreum Y,. This apparent equivalence, of course, does 
not imply genetic homology, nor does it rule out the possibility that the Y, 
and }s genes in hirsutum are each equivalent to arboreum Y, and J, acting 
jointly. 

Table 3 is of particular interest in respect of the information it provides 
on homologies between the amphidiploid (AD) species and their nearest 
diploid relatives (A and D genomes). Probable homologies between the A 
and AD genomes have already been considered. Some evidence on the proba- 
ble genetic constitutions of the species with D genomes can also be gleaned 
from the table. Of the four species listed, three (thurberi, aridum and rai- 
mondti) apparently carry a“ Y, type” gene because they give complementary 
yellow hybrids with arboreum White. All four probably lack Y,. since they 
have no complementary reaction with anomalum or hirsutum. For the present 
there is no evidence for two or more types of non-yellow corolla color such 
as have been found in the A genome, and in fact it is possible that all non- 
yellow types throughout the genus, excluding arboreum, have the same 
genotype. 


LOCATION OF THE Y, LOCUS IN THE A GENOME OF AMPHIDIPLOID COTTONS 


The material used in these studies was the same as that used in locating 
the pollen color locus of amphidiploids and has already been described in the 
first paper of this series (STEPHENS 1954). It involved the synthesis of a 
tri-species hybrid, (hirsutum x arboreum) x ratmondu. For details of its syn- 
thesis the reader is referred to the earlier paper. The genom constitution of 
this hybrid was (AD),/Azs D5, in which the symbols refer to hirsutum, ar- 
boreum and raimondii in that order. Fairly regular pairing is expected be- 
tween A and Avs, D and Ds. The arboreum genome carried Y, Y» and Y-, as 
the arboreum parent had a yellow corolla. Both raimondit and hirsutum have 
pale corollas with the presumed genotypic constitution Y, VY, (or Y",) VY". 
as indicated in the previous section. On this basis segregation at the }. locus 
should be obtained in backcrosses to hirsutum. Whether or not segregation 
should occur also in the Yq and Y, loci would depend on their location and/or 
level of duplication in the amphidiploid genome. Even with complete homology 
hetween the corresponding genomes, there is clearly a possibility of six loci 
being involved. 

1st backcross to hirsutum Pale: Three small backcross families totalling 64 
plants were obtained. The segregations were consistent and clearly mono- 
factorial (see table 4) which indicates that segregation was only occurring at 
the ¥,. locus. 
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TABLE 4 


Segregations for corolla color obtained in three backcross families of the 
triespecies hybrid to hirsutum pale corolla types. 





Corolla color 








No Family 
a ataenias Yellow Pale Total 
1 3-sp. hybrid x C100 13 12 25 
2 = x STDH 14 11 25 
3 ns x $4035 7 7 14 





Combined 34 30 64 





X? (1:1) = 0.250; P (1) =.70 —.50. 
Xx? (het) = 0.150; P (2) = .95 — .90. 

2nd backcross to hirsutum Yellow: Three plants were selected which had 
yellow corolla color (genotype presumably Y, Y?.); two from family 1 and 
one from family 2 in table 4. They were all crossed with a hirsutum type 
heterozygous for yellow corolla color (genotype Y; y;). If the Y, and VY, loci 
were homologous then Y, and Y, should be either identical or allelic and the 
hybrids obtained should be of three types (1) homozygous Yellow (2) 
heterozygous for Yellow and Pale (3) homozygous Pale. Twenty-six hybrids 
were obtained of which twenty-two gave selfed progenies. The segregations 
obtained from all selfed progenies are presented in table 5. It can be seen 
that only three types of progeny were obtained: 4 homozygous Yellow, 11 
heterozygous and 7 homozygous Pale. These proportions agree reasonably 
well with those expected on the monofactorial basis outlined above and the 
types of family obtained are not consistent with any other interpretation. If 
duplicate loci were involved then all of the apparently homozygous Yellow 
families would have to be heterozygous and segregating in a 15:1 ratio. Two 
of the four families are above the minimal size (47 plants) for the chance ex- 
clusion of one or more Pale segregates at the 5% level of probability. With 
three or more loci, the family sizes in the apparently homozygous Yellow 
class are not large enough to detect pale segregates. However, with three loci 
involved only 4% of progenies obtained should be homozygous Pale, as com- 
pared with 7/22 found. It is clear that the monofactorial hypothesis is the 
only one which will fit the data satisfactorily. 

As shown in the table, the eleven segregating families did not deviate sig- 
nificantly from homogeneity, but there was an overall deficiency of Yellow 
segregates. The actual ratio obtained was 2.3 Yellow : 1 White. This devia- 
tion from expectation may possibly be due to selection against the arboreum 
chromosome carrying Y,. 


INDEPENDENCE OF THE Y, AND Py LOCI 
3ecause the tri-species hybrid material used in these experiments was the 
same as that used in the location of a pollen color locus, Po, the progenies listed 
in table 5 were also segregating for pollen color, and in those progenies which 
were segregating both for Y,. and P, it was possible to test for linkage. 
The possibility of a linkage between these loci deserved some attention 
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because it is a striking fact that throughout the genus Gossypium there is a 
tendency for corolla color and pollen color to be associated. Among the ten 
wild diploid species whose corolla and pollen colors have been described in 
the literature only one, G. stocksii Mast., has a combination of yellow corolla 
and cream pollen. The remaining nine species have typically either yellow 
corollas and pollen or pale corollas and cream pollen. The author can find 


TABLE 5 


Segregations for corolla color obtained in the selfed progenies from the second 
backcross of the triespecies hybrid to hirsutum. Both the first backcross selections 
and the hirsutum type used as parents in making the second backcross were hetero- 


























Family Yellow Pale Total 
number 

2-1 36 en 36 

2-2 46 es 46 

2-5 50 ae 50 

2-6 23 ed 23 

Total (homo. yellow) 155 aad 155 

1A-2 aici 48 48 

1A-7 a 19 19 

2 -3 jas 56 56 

1B-2 on 28 28 

1B-3 ids 27 27 

1B-7 oes 13 13 

1B-12 sa 48 48 

Total (homo. pale) a 239 239 

1A-1 31 17 48 

1A-3 35 17 52 

1A-4 20 10 30 

1A-5 30 9 39 

1A-6 28 10 38 

1B-4 9 9 18 

1B-6 19 8 27 

1B-8 22 4 26 

1B-9 3 4 7 

1B-10 37 16 53 

1B-11 31 12 43 

Total (segregating) 265 116 381 

Expected (3:1) 285.75 95.25 381 

x? (3:1) = 6.027; P (1) =.02-—.01. 
x? (het) = 12.018; P (10) = .30 — .20. 


no mention of pollen colors in the descriptions of two species closely allied to 
stocksii, viz., G. somalense Giirke and G. areysianum Deflers, published by 
Knicut (1949) and Douwes (1953). Both have yellow corollas and even 
should they recemble stocksii in having cream pollen, the three species to- 
gether comprising the relatively localized Stocksiana section of the genus 
might still be regarded as exceptional to the general rule. In the cultivated 
diploids, arboreum and herbaceum, yellow corollas and yellow pollen are 
easily the predominating combination. In the amphidiploid cottons the wild 
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TABLE 6 


Evidence for the independence of the Y, and P, loci. All of the data were ob- 
tained in the coupling phase and on a predominantly hirsutum background. 























Source of material i ha YP Yp yP yp Total ae 
Tri-species hybrid # F, 45 18 24 11 98 0.367 
hirsutum X tomentosum oA.. 42 38 47 43 170 0.000 
hirsutum X barbadense B.C. 36 33 41 38 148 0.000 
intra-hirsutum B.C. 20 20 15 12 67 0.134 
Combined backcrosses 98 91 103 93 385 0.023 





x? (het.) = 0.111; P (2) =.95 — .90. 
# Pooled data from Families 1A-4, 1B-4, 1B-9 and 1B-11 in table 5. 


species, tomentosum, has yellow corollas and yellow pollen and in the culti- 
vated species the predominating combinations are yellow corollas and pollen in 
barbadense and pale corollas and cream pollen in hirsutum. 

The possibility of linkage between corolla and pollen color has apparently 
never been investigated in the diploid species having A or B genomes, al- 
though several tests involving other pairs of loci were reported by S1Low 
(1941, 1944). In the amphidiploids HarLANnp (1939) reported independence 
of corolla and pollen color but presented no data. In table 6 the results ob- 
tained from four small families in table 5 which were segregating for both loci 
are presented together with other data concerning the same loci and obtained 
from various sources within the amphidiploid group as indicated. The results 
show complete independence of the two loci and it may be concluded that the 
apparent association between corolla color and pollen color in the A, B and AD 
genomes is not attributable to linkage. 

DISCUSSION 

The data which have been presented show that the corolla color locus, ¥4, 
in the amphidiploid species is carried in the A genome and is homologous with 
one of the corolla color loci in arboreum. From indirect evidence it is inferred 
that the arboreum locus concerned is Y,. Since only monofactorial segregations 
were obtained on backcrossing the tri-species hybrid to hirsutum, it follows 
that at least one Y, locus and one Y, locus must have been homozygous in this 
material. This condition could be satisfied in several ways, particularly if the 
three loci occur both in the A and in the D genomes. Two of the possible 
combinations are shown below—there are of course several others : 


Genome A Genome D 
arboreum ——+ Y,Y,Y- Ygr -<—raimondii 
hirsutum ——> Y,Y, y?. - - - 

, , , , , N M 
arboreum ——+ Y,Y;, ¥,. Yq Yp- — raimondii 
hi ) - 4 , 
hirsutum ——» oe Y,Yo- 


(2) 
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Both these combinations satisfy the condition that raimondti and hirsutum 
carry VY, (both give complementary yellow hybrids with arboreum White) 
and also provide for only one phenotypically recognizable segregation at Y,. 
The blanks in the formulae indicate either absence of the locus or the presence 
of a recessive allele. 

By making use of the various non-yellow tester stocks which are available 
in arboreum (see table 1) it may be possible in the future to determine accu- 
rately the constitution of the A genome of the amphidiploids with respect to 
its corolla color loci. It may also be possible to extend the analysis to the 
D genome since both Yellow and Pale flowered types are available as testers 
among the diploid species which carry a D genome. A point of particular in- 
terest is the location of the duplicate yellow gene, Y2, found only in G. barba- 
dense var. darwinti among the amphidiploid cottons. Since Y; is shown here 
to be carried in the A genome it appears likely that VY». is carried in the D 
genome and probably homologous with the gene responsible for yellow corolla 
color in those diploid species which carry a D genome. The necessary tests 
have not yet been made. No complementary Pale types have been found in the 
amphidiploid group, and it may be assumed with some confidence that all Pale 
types have the same genotype. If, as the evidence indicates, Y, is equivalent to 
). then the genotype of Pale in amphidiploids is Y, Y, Y”., either in the 
duplex or simplex condition. Only one type of step is required to convert this 
to Yellow—the addition of a “ Y, type” gene. It follows then that both Y, 
and }’y must have a“ Y, type’ constitution, or in other words there must be 
duplicate )’, loci in the amphidiploids which correspond to Y; and VY». The Y2 
locus cannot be equivalent to Y, or Y, on this interpretation. 

Tests for linkage between the P, and Y, loci in the A genome were negative. 
This effectively rules out linkage as a possible explanation for the apparent 
association between corolla and pollen colors in amphidiploid cottons, and also, 
incidentally, in G. anomalum (B genome). The situation in the D genome 
remains for investigation. 


SUMMARY 


(1) By means of the analysis of progenies obtained from a tri-species hy- 
brid, (hirsutum x arboreum) x raimondii, it is shown that the main corolla 
color locus in the amphidiploid group of cottons is homologous with one of 
the corolla color loci in arboreum. The corolla color locus, Y,;, in amphi- 
diploids is therefore carried in the A genome. 

(2) From indirect evidence it is inferred that the locus concerned is 
arboreum Y,. 

(3) Some possibilities regarding the organization of the corolla color sys- 
tem in amphidiploids are discussed. It seems likely that the duplicate locus, 
(Y2) in G. barbadense var. darwinii is also of the “ Y, type.” Its probable 
location in the D genome of amphidiploids has not yet been tested. 

(4) Since in the genus as a whole there is a strong tendency for corolla and 
pollen colors to be associated, the possibility of a linkage between the Y,. and 
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Pq loci was investigated. The results were negative, indicating that the asso- 
ciation, at least as far as the amphidiploid (AD) and African (B) genomes 
are concerned, is not attributable to linkage. 
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M OST of the variegated offspring of maize plants carrying the unstable 
allele P’", conditioning medium variegated pericarp and cob, are them- 

selves medium variegated. Regularly, however, in the maize strain here dealt 
with, a few light variegated mutants also appear. A third phenotype, “ very 
light,” has now been isolated as a mutation from light variegated. Mediums, 
lights, and very lights differ in the frequency with which the P'" allele changes 
to stable P¥*” (seli-colored, i.e., red pericarp and cob). Medium variegated 
ears carry a large number of such mutations which, collectively, give a rather 
strongly, although irregularly pigmented phenotype. The number of mutant 
stripes is sharply reduced in light variegateds. Very lights, as the name indi- 
cates, show only a few scattered red stripes. These three classes of variegated 
ears, together with the stable colorless type, P"”, are illustrated in figure 1. 

It will be shown in the present report that (1) mediums, lights, and very 
lights differ in the number of doses present of a chromosomal unit termed 
transposed Modulator (tr-Mp) which controls mutability of a common P' 
allele and (2) the second tr-Mp unit present in very light variegateds proba- 
bly originated by reduplication and transposition of the transposed Modulator 
carried by the light variegated parent rather than as a new mutation from 
P** and (3) tr-Mp in increasing doses reduces the frequency of P* to P¥® 
mutations exponentially. 

The term ‘ reduplication ” as used in this paper is intended to imply an in- 
crease in dosage, and does not refer simply to the normal doubling in number 
of chromosomal elements which occurs at mitosis. 

Brink and NILAN (1952) postulated that the mutable variegated pericarp 
allele, P", is a dual structure. One component is the P”” gene, unique for the 
locus involved, namely, P, on the short arm of chromosome 1. The other com- 
ponent was termed Modulator (Mp), a unit adventive to the locus which 
suppresses the pigment-producing capacity of P”*. These two elements con- 
joined at the P locus to form the P'" allele were given the symbol P¥* Mp. 
The mutation of P’’ to P®® was assumed to consist in the loss of Mp from 
the P locus, thus restoring P”*” to its normal activity. Studies on twin muta- 
tions (adjoining red and light variegated patches on otherwise medium varie- 
gated ears) show that this mutation at the ? locus does not necessarily, or even 
usually, lead to loss of Modulator from the genome. 1/p may be transferred 
to another site in the chromosome complement where it acts as a modifier of 


1 Paper from the Department of Genetics, College of Agriculture, University of 
Wisconsin, No. 541. 
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Figure 1.—Three classes of variegated pericarp in maize in comparison with the 
stable colorless type. Left to right: medium variegated, light variegated, very light 


variegated, and colorless. 


the P'" allele, reducing the mutation frequency of the latter to the level 
characteristic of light variegated ears. Thus, the light variegated phenotype 
was interpreted as the product of a transposed Modulator (tr-Mp) interact- 





ing with the P¥” Mp complex at the P locus. The newly discovered phenotype, 
very light variegated, is explainable in terms of these same units. It differs 
from light variegated in carrying two, rather than only one, transposed 
Modulator. Furthermore, the two Modulators in this case do not reside at 
homologous loci. 


MATERIALS AND METHODS 


The very light variegated phenotype was first recognized as an atypical ear 
in a third-generation family in a backcross series designed to substitute the 
PY’ allele for P”™ in a highly inbred line known as 4Co063. The 4Co063 stock 
was used recurrently as the pollen source in these matings. Variegated ears 
were selected for propagation in each generation, and the colorless (P"") 
segregates were discarded, usually without counting. 

The seed ear in the second generation in the sub-line in which the new 
mutant appeared was light variegated. Its recorded offspring comprised two 








726 R. A. BRINK 


light variegateds in addition to the single very light variegated. Two small 
families were grown in the fourth backcross generation. One of them, from a 
light variegated ear, yielded seven lights and three mediums plus an unknown 
number of colorless segregates. The other family, from the very light varie- 
gated ear, gave five very lights, six lights and one medium, in addition to some 
untabulated colorless individuals. Genetic analysis of the very light variegated 
phenotype was begun with seven seed ears from this latter family. 

As a result of the four generations of backcrossing to the inbred line the 
experimental stock conformed closely to the 4Co63 phenotype except that it 
was segregating for P''. The four pericarp classes, very light variegated, light 
variegated, medium variegated, and colorless were sharply distinguishable on 
this uniform genetic background. 

The principal body of experimental results was obtained in the fifth back- 
cross generation. Three families were based on very light variegated ears, three 
on light variegated sibs, and one family was derived from the single medium 
variegated ear which had been hand pollinated. 

In determining the dosage effect of tr-Mp, a method which Emerson (1917) 
first used was employed to measure the frequency of mutations of P'* to P** 
in the three variegated genotypes and to array these events according to time 
of occurrence during ontogeny. Each stripe on a kernel or patch on an ear 
represents a single mutation; and the larger the affected area the earlier in 
development the P'* to P®* change is assumed to have occurred. Other factors 
being equal, mutations arising in successive cell generations, as the pericarp 
grows, would reduce size of the colored sector on the mature kernel pro- 
gressively by one-half. The mutations were classified for size, therefore, and 
tabuiated on a geometric scale so that each class represents a cell generation. 
The frequencies are expressed in the table as numbers of mutations per 1000 
kernels. 

The structure of the pericarp establishes a limit below which individual 
mutations cannot be recognized. The tissue is multi-layered, and many cells are 
so grossly altered during the later developmental stages by disintegration of 
the protoplasts, partial dissolution of the walls, and compression that they can- 
not be recognized as discrete units in the mature kernel. The very late-occur- 
ring mutations which are represented either by small, ill-defined stripes or 
diffuse pigmentation cannot be scored by counting, and so are not included in 
the tally. The larger sectors, on the other hand, stand out clearly, and can be 
enumerated. 

Observations by R. E. ANDERSON and BRINK (1952) show that the width of 
a stripe is affected not only by the time of mutation, which determines the num- 
ber of cells eventually involved, but also by the location of the mutant sector 
on the kernel, which influences the extent to which the cells will expand subse- 
quently. There is some evidence that in maize the two anterior carpels together 
form about one-third of the mature fruit, whereas the posterior (abgerminal ) 
carpel constitutes the remaining two-thirds. If this is a fact then a mutation of 
P** to P®* in the primordium of the posterior carpel would be represented in 
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the fully developed caryopsis by a wider stripe than a simultaneous mutation 
in either of the anterior carpel primordia. No attempt was made in the present 
investigation to adjust the size values according to position on the kernel of the 
mutant area. Since there is no reason for thinking, however, that a differential 
for location of the primary mutant cells exists between the three variegated 
classes, the readings obtained are probably entirely valid on a relative basis. 

Discrete mutations involving less than a kernel were recorded in terms of 
the fraction of the circumference over which the stripe extended. The lower 
limit of the size range covered was 0.17 times the circumference, giving a value 
of 0.25 for the class at the bottom of the scale. The values for the other classes 
increase in geometric progression, as mentioned above. 

The class into which a mutation involving less than a kernel should be 
entered was determined objectively with the aid of models. Width of stripe 
was measured on a number of kernels using a microscope equipped with a 
revolving, circular stage graduated in degrees of arc. Kernels differing in 
shape, size, and stripe location were then chosen for which the stripe meas- 
urements fell at or near the limits of the two smallest classes. These kernels 
were used as standards against which the mutant kernels were matched for 
classification. 

EXPERIMENTAL RESULTS 


Families as large as the seed supply permitted were grown in the fifth back- 
cross generation from the three classes of fourth-generation variegated ears. 
The data obtained on scoring these progenies for pericarp color are assembled 
in table 1. The results are of interest for the light they shed on the genetic 
basis and mode of origin of the very light variegated phenotype. 

About half the offspring in the families from each type of seed ear had color- 

TABLE 1 

The distributions of offspring from pVV 7p sib ears of the three variegated 

phenotypes, medium variegated, light variegated, and very light variegated. The 


generation represented by these progenies was the fifth backcross to the PWW in- 
bred line 4C063. 





Number of plants 





Phenotype of Family 




















parent ear number Very light Light Medium Red Color- Total 
variegated variegated variegated less 

Medium variegated 6D-20 0 3 46 5 47 101 

Light variegated 6D-18 9 55 13 4 65 146 

6D-19 6 42 16 7 83 154 

Sub-total 15 97 29 11 148 300 

6D-21 2 20 32 4 61 119 

Very light 6D-15 35 30 5 2 63... 133 

variegated 6D-16 23 17 4 1 61 106 

6D-17 44 38 11 3 96 192 

Sub-total 102 85 20 6 220 433 
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less pericarp and cob, as a result of segregation of the stable P"" gene. The 
remaining individuals possessed colored pericarp, i.e., one grade or another of 
variegation, or red. 

The red-eared plants are the result of mutations of P'' to P*”, interpreted 
as losses of Mp from the P locus. It is interesting to note that the frequencies 
with which they appear are related to the variegation grade of the parent seed 
ears, namely, 2.8% for very light variegated, 6.9% for light variegated, and 
9.3% for medium variegated. These values presumably reflect the respective 


RE mutant tissue in the three respec- 


probabilities of the macrospore arising in / 
tive classes of parent plants. The magnitudes are of the general order expected 
from the phenotypes of the parent kernels although the populations are too 
small to provide highly accurate estimates of the mutation rates. 

The data of particular interest in table 1 relate to the distribution of the 
three classes of variegated individuals in the families derived from the medium 
variegated, light variegated, and very light variegated seed ears. It is neces- 
sary to interpret these distributions progressively, because assumptions must 
be made on the basis of the results from the seed ears of one class in order to 
analyze the results from the next class. The starting point in the analysis is 
the distribution of variegated offspring from the single medium variegated 
parent ear tested. 

The family in question, 6D-20, contained 46 medium variegated and 3 light 
variegated plants. This result is in agreement with the more extensive obser- 
vations reported earlier on the offspring of similarly bred medium variegateds 
in a closely related inbred stock carrying a P'" allele tracing through several 
generations to the same P''/P"*™ foundation plant (BRINK and NILAN 1952, 
page 534, table 4). The light variegateds were interpreted in the earlier report 
as mutations from medium variegated. The two phenotypes were shown to 
possess a common P'" allele, but to differ in that the light variegateds carry 
a transposed Modulator in addition. Additional evidence has since been ob- 
tained in support of the view that this latter element, tr-Mp, is the Modulator 
component of the P*" allele, separated from the P locus and inserted at another 
position in the genome. Transposed Modulator markedly reduces the frequency 
of P*¥ to P®® mutations, and thus conditions the light variegated phenotype. 
In terms of the genetic units operative, therefore, the results of the testcross 
with the medium variegated seed ear may be written: 


43 P®® Mp/P*™ = medium variegated 
3 PF® Mp/P’™ + tr-M p/+ = light variegated 


Analysis of the data in table 1 relating to the light variegated and very light 
variegated seed ears is complicated by the fact that two quite different phe- 
nomena are involved, segregation and mutation, which are confounded with 
each other. Furthermore, two kinds of mutations probably are present (1) the 
aforementioned transposition of Modulator from the P locus to another site 
and (2) reduplication of tr-Mp, so that this element occurs in two doses in 
some of the hemizygotes which otherwise would carry only one. It is suspected 
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that tr-Mp also may shift from one position in the genome to another. All these 
factors appear to be operative in the present material. Their several effects are 
separable, however, even though not in precise quantitative terms with the data 
available. 

Two of the three families derived from light variegated ears, 6D-18 and 
6D-19, show similar distributions of very light, light, and medium variegated 
plants. The third family, 6D-21, differs in that the relative proportion of 
medium variegateds is much higher, whereas the frequency of very light varie- 
gateds is lower. Results of this kind are expected if tr-/p is differently located 
in the genome in the two cases. As will be seen later, the data from 6D-18 and 
6D-19 are consistent in this respect with those from the remaining three fami- 
lies in the table, 6D-15, 6D-16, and 6D-17. The assumption is made, therefore, 
that family 6D-21 is exceptional in that a secondary transposition of tr-Mp 
occurred in the parent plant, leading to an altered ratio of light and medium 
variegateds among the offspring. In accordance with this assumption, the 
6D-21 data are not grouped with the others in the analysis. 

Light variegated P'"/P"™ 
pww 


heterozygotes, hemizygous for tr-/p, to which 
pollen is applied, typically yield two classes of variegated offspring only, 
lights and mediums. The two phenotypes appear with equal frequency if tr-Mp 
and P'" are transmitted independently, and light variegateds are present in 
excess if the two genetic elements are linked in coupling series (BRINK and 
NILAN 1952). Examination of the data from families 6D-18 and 6D-19 in 
table 1 reveals that many more lights than mediums are present, thus indi- 
cating that tr-Mp and P'" are linked in this stock. 

The crude data must be adjusted for two disturbing factors, however, before 
the amount of linkage can be computed. In the first place, there are 15 very 
lights present as exceptions, in addition to the other two variegated pheno- 
types. Secondly, new mutations from medium to light would be expected to 
enlarge the light class at the expense of the medium variegated group. 

The 15 very light variegated plants are assumed to be recurrences of the 
mutation which gave rise to the original very light variegated ear on which all 
the families in table 1 are founded. It is necessary at this point in the analysis 
to anticipate a conclusion regarding the nature of this mutation which will be 
justified later, namely, that very lights arise from lights by reduplication of the 
transposed Modulator already present. Granting the correctness of this inter- 
pretation, then the very light individuals in families 6D-18 and 6D-19 may be 
considered equivalent to the lights for purposes of computing the linkage 
between tr-Mp and P'". That is to say, they may be considered as light varie- 
gated segregates to which another transposed Modulator has been added. 

An estimate of the number of individuals present in the light variegated class 
in 6D-18 and 6D-19 by virtue of new mutations from medium variegated can 
be based on the fact that there is a fairly constant numerical relation between 
the frequencies of mutations of medium variegated to red and to light varie- 
gated. It will be recalled that, by hypothesis, these mutations originate in a 


common event, namely, separation of the P** and Modulator components of 
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the P*" allele. BRINK and NiLtan (1952) found that the ratio of light varie- 
gated to red mutations in 36 previously studied families from medium varie- 
gated ears carrying a P"" allele tracing to the same source as the one now in 
question was 0.75. Twelve of these families, which were in a backcross series 
involving the inbred 4Co63 line, and hence closely comparable to the present 
stock, gave a value of 0.92. The factor used in this instance was the actual 
ratio of light variegateds to reds in the sib family 6D-20 recognizing, however, 
that it is subject to a fairly high sampling error. This value is 0.60. Applying 
this factor to the 11 reds in families 6D-18 and 6D-19, the estimated number 
of light variegateds which: should be subtracted from the 112 very light and 
light variegateds observed and added to the 29 scored as medium variegateds 
is 7. Thus adjusted, the non-crossovers total 105 and the crossovers, 36. 
These values indicate that the amount of crossing over between tr-Mp and 
P*" in the pistillate parents of 6D-18 and 6D-19 was 25.5%. 

On the basis of these deductions from the preceding facts the light varie- 
gated parents of families 6D-18 and 6D-19 may be represented as having 
carried P'* and tr-Mp in coupling series as follows: 


« --25.5 units--> 








a r-Mp 
T | 

1 | 
lpww V 


It is postulated that the very light variegated plants occurring as mutants in 
these families are similarly constituted except that each possesses an additional 
transposed Modulator. The location (or locations) in the genome of this sec- 
ond tr-Mp unit. however, can be determined only by another generation of 
progeny testing. 

One might attempt to resolve the data in table 1 relating to the families from 
the very light variegated seed ears in a similar way. Certain of the assump- 
tions it would be necessary to make in separating quantitatively the effects of 
segregation and mutation, however, would be quite arbitrary. A definitive 
analysis of the very lights, therefore, cannot be made with the information at 
hand. It is apparent, however, that a principal difference between the families 
from the very light variegateds and those from their light variegated sibs is the 
much higher frequency of very light variegated individuals in the former. This 
is what would be expected if the very light variegated phenotype carried a 
second transposed Modulator in addition to the one present in the light varie- 
gated class. 

It was shown earlier that the single tr-Mp unit in the lights is situated about 
25 crossover units from the P locus. Presumably this transposed Modulator is 
present, and in the same position, in the very lights. But what is the location 
of the second tr-Mp in the latter? The data do not afford a definite answer to 
this question. It is clear, however, that the two occupy different loci. If they 
were in the same position (a single transposed Modulator with a doubled 
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dosage effect) then light variegateds should not appear among the offspring 
of very lights. By the same token, it can be concluded that the very light varie- 
gated phenotype is not the result of a “ change in state’ (mutation) of the 
transposed Modulator characteristic of the light class. 

The main difficulty in determining the locus of the second transposed Modu- 
lator in the very light variegateds arises from the fact that reduplication and 
transposition of the tr-Mp is recurring in this stock with significant frequency 
and that the results of this process are confounded with the effects of segre- 
gation. Families 6D-18 and 6D-19 from light variegated seed ears establish 
this fact, in that 15 very light variegateds appeared in them as exceptions. That 
is to say, the light variegateds formed some gametes carrying two tr-Mp units 
rather than only one as would be expected of tr-Mp/+ hemizygotes. According 
to hypothesis there are two transposed Modulators in very light variegateds, 
in contrast to but one in lights, both of which are subject to such reduplication 
and transposition. Any assumptions made at this stage concerning the fre- 
quency with which supernumerary tr-Mp units arise in the very light varie- 
gateds and the positions they take in the genome would be quite uncertain. 
The gross data indicate the presence in very lights of a second transposed 
Modulator, but the location of this unit cannot be specified beyond stating that 
it does not coincide with that of P'" or the first tr-M/p. 

Attention may be called to one interesting consequence of the reduplication 
of tr-Mp in very light variegateds. Some of the gametes from this class of 
plants should carry three tr-Mp units and give rise to a new phenotype show- 
ing an extreme reduction in variegation grade. It may be inferred, in fact, from 
the data on dosage effect of tr-/p presented in the next section that such ears 
frequently would be colorless and thus indistinguishable phenotypically from 
the P"™ class. The number of colorless individuals among the offspring of the 
very light variegateds tested (families 6D-15, 6D-16, and 6D-17) is slightly 
higher than the sum of the variegateds plus reds, but the excess is well within 
the limits of random sampling. A progeny test would be needed to determine 
whether a few of the colorless pericarp segregates entered in the P'' class 
actually are subliminal variegateds. 


DOSAGE EFFECT OF MODULATOR 


According to the interpretation given in the preceding section, the very light 
variegated, light variegated, and medium variegated phenotypes reflect the 
respective dosage effects of two units, one unit, and no units, of transposed 
Modulator. A quantitative measure of these effects was obtained by scoring 
ears of these three classes in family 6D-17 for number of P'* to P®” muta- 
tions. The data are summarized in table 2 and figure 2. 

It is obvious from the results that increasing doses of transposed Modulator 
strongly depress the frequency of P'" to P** mutations. About 96.6% of all 
the mutations recorded fell in the one kernel, one-half kernel, and one-quarter 
kernel classes. It is in these three categories only that the numbers are large 
enough to provide for meaningful comparisons of the tr-Mp dosage effects. 

A single dose of transposed Modulator (light variegated), in comparison 
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with no dose of tr-Mp (medium variegated), reduces the mutation frequency 
59.7%, on the average. As the summary in table 3 shows, the values for the 
three mutation-size classes conform very closely to this mean. The addition of 
a second dose of tr-Mp (very light variegated) has an even greater effect. 
The mean decrease is 86.8% for two doses as compared with one, and again 
the values for the different mutation-size classes are in close agreement. 

These facts clearly demonstrate that increasing dosages of tr-Mp reduce 
the frequency of P'* to P*” mutations at an exponential rate. Furthermore, 
there is no evidence that over the limited portion of the developmental cycle 
studied the rate changes. 

TABLE 2 


Mutations of PVV to PRR per 1000 kernels on medium variegated, light varie- 
gated, and very light variegated sib ears distributed according to size of the mutant 
area. 





Mutations per 1000 kernels 





Class value, 














achat iitmmite Medium variegated Light variegated Very light variegated 
Observed Expected? Observed Observed 
32.00 0.46 0.31 0.00 0.00 
16.00 0.46 0.63 0.00 0.00 
8.00 0.90 1.27 0.00 0.07 
4.00 0.46 2.54 0.20 0.00 
2.00 2.00 5.10 0.80 0.07 
1,00 17.00 10.20 7.00 0.90 
-50 28.00 20.30 11.00 1.50 
25 32.00 40.60 13.00 1.70 
Number of ears 7 32 38 
Est. total kernels 2173 9773 14051 





* These values are computed on the assumptions that cell number increases geo- 
metrically and the rate of PVV to PRR mutations per cell is constant. 

Reference was made earlier to the fact that medium variegated pericarp 
ears show a very high frequency of late mutations most of which are expressed 
as an overall pale pigmentation rather than as discrete stripes. It was of 
interest to determine the dosage effect of tr-\/p on mutation at this stage. 
Strips of pericarp were peeled from the kernels of the 4Co63 inbred line, very 
light variegated, light variegated, and medium variegated, cleared, and 
mounted for microscopic examination. It was found on direct comparison 
with ?"" pericarp from the 4Co63 line that no pigment was present in the 
areas between the stripes on very light variegated and light variegated kernels. 
In other words, the very late mutations which are so abundant on the medium 
variegated ears are not detectable in the other two phenotypes. Had this back- 
ground color merely been reduced in amount in the light variegated kernels 
to about the same degree as the number of stripes are reduced in this pheno- 
type the fact would have been ascertainable by the method used. It may be 
concluded, therefore, that at the terminal stages of cell division in the pericarp, 
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the dosage effect of tr-/p is greater than during the period in which the muta- 
tions giving rise to discrete stripes occur. 

It should be noted that the distribution of P’’ to P®* mutations in terms 
of size of area affected in all three classes of variegated ears in this stock does 
not agree with that reported by ANDERSON and EysTer (1928). In fact, it 
does not agree with unpublished observations on certain other variegated 
pericarp stocks among our own cultures. ANDERSON and EysTer found that 
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Ficure 2.—Frequency of mutation of P’" to P** in the medium variegated, light varie- 
gated, and very light variegated classes, distributed according to size of the mutant area. 


the frequency of mutation of P’' to P**® as development proceeds, rises 
faster than can be accounted for in terms of the number of cells present. 
This may well be the general rule, but it does not hold in the present case, 
as can be seen from the S-shape of the three curves in figure 2, and, in par- 
ticular, by comparing the observed and expected values under ‘“ medium 
variegated ” in table 2. If the rule applied in the present instance there should 
be, for example, more than twice as many mutations in the .25-kernel class as 


in the .5-kernel class. Increases are shown in all three types of variegated ears, 











734 R. A. BRINK 


TABLE 3 


Reduction in frequency of PVV to PRR mutations in relation 
to transposed Modulator dosage. 





Percentage reduction in 











Class value for mutation frequency 
size of mutant 
area Zero to one dose One dose to two 
of treMp doses of tr-Mp 
1 kernel 58.8 87.1 
Y, kernel 60.7 86.4 
Y kernel 59.7 86.9 
Average 59.7 86.8 








but the amounts are far below expectation assuming that cell number has 
doubled and the mutation rate is maintained even at a constant value. The data 
of ANDERSON and EysTerR were based on a wide assortment of families. The 
present material conforms closely to a single genotype, namely, that of the 
inbred line, 4Co63. The most probable explanation of the difference between 
our results and those of ANDERSON and EysTER is that the 4Co63 stock carries 
various modifiers of the P’" mutation rate giving an atypical effect in this 
respect. However this may be, the main conclusion regarding the nature of 
dosage effect of tr-Mp on P** is not altered. 

The occurrence of considerable diffuse pigment in the medium variegated 
class in the present stock, indicative of a very high mutation rate at the termi- 
nal stages of growth, raises another interesting point. The shape of the upper 
part of the curve for medium variegated in figure 2 denotes a falling off in 
mutation rate relative to cell number. It seems probable, however, that if the 
very late occurring mutations could be enumerated and the curve extended 
to include them it would show a sharp turn upward. If this were the case it 
would suggest that in the present stock there is a second cycle of P’" to P¥* 
mutations superposed on that which gives rise to the conspicuous stripes. The 
pericarp, however, is not a favorable tissue for a close study of this problem. 
It is a complex and partially degraded structure in the mature kernel, so that 
the mutations involving it cannot be scored precisely in terms of the cells 
affected. Perhaps the diffuse effect of the late mutations is due in part to a 
change in the conditions determining solubility and diffusion of the red pig- 
ment. So long as this possibility is not excluded uncertainty will prevail con- 
cerning the frequency of mutations which do not give rise to discrete stripes 
or patches of red kernels. 


DISCUSSION 


There is a small but growing body of experimental evidence showing that 
maize chromosomes carry a class of genetic units which, on the basis of 
present knowledge, may be described as accessory to the genes. Modulator 
is one such element. Its presence at the P locus in conjunction with P¥*, 
normally a stable gene for red pericarp and cob, gives rise to a mutable allele 
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P*", medium variegated pericarp and cob. The P'* allele, plus a single Modu- 
lator transposed to a position elsewhere in the genome has been shown previ- 
ously to condition a distinct phenotype, light variegated. 

Certain additional characteristics of transposed Modulator may be inferred 
from the data presented in this report. In the first place, tr-Mp may be pres- 
ent twice in the genome at different chromosomal sites. The factual basis for 
this conclusion is the occurrence of a third distinct variegated phenotype, very 
light, in addition to the light variegated and medium variegated classes earlier 
described. Very light variegateds heterozygous for P””, when mated with 
P*™ plants, yield four classes of colored offspring, very light, light, and 
medium variegateds plus a few reds. Half the progeny are colorless as a result 
of segregation of the P”” gene. The reds are explainable as the result of mu- 
tation of P’" to P®®, a change involving the loss of Modulator from the P 
locus. It is postulated that very light variegateds carry two hemizygous trans- 
posed Modulators. One of these doubtless corresponds to the single tr-Mp 
unit shown to be present in the light variegated sibs at a position about 25 
crossover units from the P locus. The location of the other cannot be deter- 
mined from the data available. The tests show, however, that it is neither at 
the P locus nor in the same position as the first transposed Modulator. 

Very light variegated first appeared among the offspring of a light varie- 
gated plant heterozygous for P"™. It is likely that the second Modulator which 
it carries arose as a result of reduplication and transposition of the single one 
already present in the light variegated parent. Another possibility, however, 
is that the second tr-Mp unit was derived from a new mutation of P'® to P®*® 
and tr-Mp. This explanation cannot be excluded, but it is improbable as the 
following considerations show. 

Fifteen very light variegateds occurred in families 6D-18 and 6D-19 (table 
1) from light variegated seed ears in addition to 97 lights and 29 mediums. 
It may be supposed that the original very light variegated mutant arose in the 
same way as these exceptional very lights. The latter are too numerous to be 
accounted for as new mutations of tr-Mp from the P'* allele. This conclusion 
is based on the fact that there is a numerical relationship between the fre- 
quency of red and light variegated mutants among the offspring of medium 
variegateds. The ratio varies somewhat but has been taken as 5:3 in the 
present study on the basis of the actual distribution of the two phenotypes in 
family 6D-20. There is no reason for assuming that the same ratio (but not 
the same frequencies) of P*¥” and recoverable tr-Mp mutations does not apply 
to the families from light variegateds also. On the supposition that new muta- 
tions of P’" account for the extra tr-Mp units represented by the 15 excep- 
tional very light variegateds in families 6D-18 and 6D-19 it must be assumed 
that approximately four of the light variegated plants in these families also 
carry transposed Modulators of the same origin. These lights would have 
been derived from eggs carrying a P’" chromosome from which the linked 
transposed Modulator had been lost as a result of crossing over plus the sec- 
ond tr-Mp unit. This would make a total of 19 such tr-Mp mutations. The 
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corresponding number of red-eared plants expected, on the basis of the 5:3 
ratio, would be 32. Since, as table 1 shows, only 11 reds were observed it 
is unlikely that these cases of supernumerary transposed Modulator are re- 
ferable to new mutations of P'’. 

A bit of direct evidence showing that very light variegated may arise from 
light variegated by the mechanism postulated, namely, reduplication and trans- 
position of the transposed Modulator already present, is afforded by a twin 
spot found on a hand pollinated light variegated ear in a sub-line of the stock 
here used. The twin mutations were medium variegated and very light varie- 
gated. It is just these phenotypes which are expected as twins if, in the 
mitotic division in which the mutation event occurred, the P'" allele divided 
normally but both daughter tr-Mp units of the single transposed Modulator 
passed to one cell (very light variegated) so that the other cell lacked tr-\/p 
(medium variegated). Had the very light variegated twin acquired a second 
transposed Modulator as a result of a new mutation of the P'" allele to P”* 
and Mp, then the co-twin should have been red. 

The second portion of the present study deals with the dosage effect of 
transposed Modulator on P'' to P¥* mutations. The frequency of these muta- 
tions in light variegated, which contains a single transposed Modulator, is 
reduced about 60% as compared with medium variegated, which lacks tr-M p. 
Very light variegated, containing two tr-Mp units, shows a further decline in 
PY to P®® mutations of approximately 87%. Thus the effect of increasing 
doses of tr-Mp is to reduce the mutation rate exponentially. These values are 
based on the number of mutations falling in three size classes only, one kernel, 
one-half kernel, and one-quarter kernel. Earlier occurring mutations, ex- 
pressed as larger red areas on the ears, were too infrequent to provide a basis 
for comparison. The very late mutations of P'' to P¥®®, which occur with 
such high frequency on medium variegated ears as to give a diffuse type of 
pigmentation rather than sectoring, are absent in the light and very light 
variegated phenotypes. In terms of the general hypothesis put forward that 
the P** allele consists of the P®® gene and Modulator in conjunction with 
each other at the P locus, and that mutations to red result from the loss of /p, 
the effect of transposed Modulator in increasing doses is to progressively 
stabilize the P*?* Mp relationship. 

Consideration may now be given to the relation of the findings on Modulator 
to those of other elements of similar kind in maize. 

The first example of this type of germinal component isolated in maize was 
Dotted (Dt). Ruoapes (1936) characterized Dt as promoting specifically and 
with high frequency the mutation of a,, ordinarily a stable gene affecting aleu- 
rone and plant color, to other alleles, usually 4;. Dotted is not known to have 
any action other than on mutability at the a; locus. Increasing doses of Dt 
raise the frequency of a, to 4; mutations exponentially. A possibly similar 
case is Blotched (Emerson 1921) influencing the c gene. A definitive account 
of Blotched, however, has not been published. PeTERson (1953) has recently 
reported a unit termed Enhancer (En) which is separable from the pale green 
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(pg) locus and modifies the action of mutable pg alleles. Enhancer was shown 
to vary in position in the genome. 

Knowledge of the occurrence and properties of heritable elements in this 
category has been greatly extended recently by McCiintock’s (1951, 1953) 
analysis of several mutable loci in maize. This work is remarkable both for 
the wealth of new facts brought forward and the far-reaching character of 
the author’s conclusions. According to classical theory, the gene possesses 
three principal attributes: it is self-reproducing, discrete, and complete in itself 
as a functional unit. McCLINTocK considers that the latter concept in particu- 
lar is incompatible with the evidence on mutable loci, and challenges it on 
grounds which bring the idea of discreteness into question also. It is not pro- 
posed to discuss these fundamental issues in the present report. Reference 
will be made, however, to the nature of the evidence which McCLIntTock 
brings forward for the occurrence in maize chromosomes of hereditary ele- 
ments which she assumes to be external to the genes (using the latter term in 
a restricted conventional sense) and to which the capacity of determining “ the 
types and rates of reaction of the genic components ”’ is attributed. The sum- 
mary account given here can do no more than merely indicate the ingenious- 
ness of McCLINTOCK’s approach to the general problem and the extent and 
cogency of the evidence which she has adduced. 

Two genetic elements, termed Dissociation (Ds) and Activator (Ac), were 
identified in a stock which had undergone a variety of structural changes in 
the chromosomes as a result of the operation of the chromosomal type of the 
breakage-fusion-bridge mechanism in early sporophytic mitosis. The name 
* Dissociation ” is based upon the tendency of Ds, if Ac is present in the same 
nucleus, to promote breakage of the chromosome at the site at which it is in- 
serted. The occurrence of such breaks was verified both by direct cytological 
observation of dicentric and acentric chromatid formation and losses of the 
phenotypic effects of dominant genes located in the same chromosome arm 
distal to Ds. Primary sectors thus formed may show a characteristic type of 
variegation through loss of dominant marker genes proximal to the initial 
break as a result of the breakage-fusion-bridge cycle in the dicentric chromo- 
some. Ds mendelizes, and is transferable from one member of an homologous 
pair of chromosomes to the other by crossing over. Several “ changes in state ”’ 
or mutations of Ds, recognizable as altered frequencies of the events which the 
element conditions, were established. A new state behaves as an allele of the 
old one. Ds occasionally may shift in position within a chromosome and from 
one chromosome to another, possibly by contact between the new and old sites. 
More than 20 cases of the sudden appearance of Ds activity at new locations 
in the short arm of chromosome 9 were demonstrated by the use of six marked 
loci and confirmed cytologically. It was possible to show in some cases that 
appearance at a new site corresponded with disappearance at the former 
location. 

Several distinct cases of mutable loci were found to be due to the presence 
of Ds at or near the locus in question. Ds acted to inhibit the normal pheno- 
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tvpic action of the gene with which it was associated. This effect occurs 
whether or not Ac is present in the same nucleus. Normal action and sta- 
bility were restored immediately on removal of Ds from the locus. Various 
patterns of mutations observed at a given locus in different instances were 
assumed to reflect the particular states of the Ds units present in each case. 
\ Ds unit in a given state, transposed from one locus to another, repeated in 
the second position the mutation pattern observed in the first. In general, 
mutability at a locus and proneness of the chromosome to break at that point 
were associated, and McCirintock concluded that both phenomena are mani- 
festations of the same Ds-Ac mechanism. Mutation rate and breakage fre- 
quency, however, are not necessarily parallel, and in one case were observed to 
vary inversely to an extreme degree. 

McC.iintock has characterized Activator as the co-agent of Ds in giving 
rise to chromosome breakage and instability at a locus. The presence of Ac in 
the genome is disclosed only by its regulatory action on Ds events. Ac behaves 
as a dominant and is transmitted, for the most part, with Mendelian regularity. 
\ctivator, like Ds, was found to occupy different positions in the genome. 
Clear-cut evidence of linkage with known loci was found in one family and 
independence of these loci in another. Various exceptions to the normal propa- 
gation of Ac in somatic tissue were observed. The unit may be transposed to 
another location, or it may remain unchanged in position and show twice its 
former effect. Furthermore, reduplication may occur, with the second unit in a 
new location. Finally, changes in state take place which are not explainable in 
terms of the addition or subtraction of the whole unit. 

Striking changes in the phenotype result from varying the dosage of Acti- 
vator. The endosperm, being a triploid tissue, provides unusually favorable 
conditions for observing this phenomenon. McCLintock demonstrated that 
the effect of increasing the dosage of Ac regularly was to delay the onset of 
Ds events at various loci conditioning endosperm characters. It may be in- 
ferred from the pictorial representation which McC.Lintock (1951) presents 
of the effects of one, two, and three doses of Ac on a mutable c allele that 
the action is exponential. 

Modulator falls in the same category of genetic elements as Dotted, Blotched, 
Dissociator, Activator, and Enhancer. There is evidence for the unitary nature 
of each of them, and they have the common property of inducing or regulating 
instability at known loci in somatic tissues. All the tests necessary to dis- 
tinguish between these entities have not yet been made. Certain of the elements, 
however, have been shown to be different. RHoApEs (1941) found that Dt 
does not influence mutability of variegated pericarp and, hence, it may be 
concluded that Mp and Dt are distinct. He notes also that Blotched affects 
only the ¢ locus, and thus differs from Dt. McCiintock (1951) showed that 
Dt does not correspond with either Ac or Ds. She reports the interesting 
observation, however, that Dt-like effects on a; aleurone tissue appeared in 
an initially non-D? stock after the short arm of chromosome 9 (in which 
Dt is located) had undergone the same kinds of structural changes as are 
presumed to have resulted in the production of Ac and Ds. 
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Historically, mutable genes, so-called, have been studied for the light they 
might throw on gene mutation. McCiintock (1951) interprets them in a 
broader relationship. She makes the novel suggestion that elements respon- 
sible for instability at a locus, such as Dt, Ac, and Ds, are abnormally func- 
tioning representatives of the non-genic chromosomal substances involved “ in 
one of the mechanisms responsible for the nuclear aspects of control of the 
differentiation process.” Admittedly this is a speculative idea. It provides a 
fresh approach, however, to the problem of the basic mechanism whereby 
genes mediate the control of development, an area in which experimental 
studies thus far have been singularly difficult and unrewarding. The addi- 
tional possibility now envisioned that mutable loci may provide important 
clues to the finer features of chromosomal organization and the mechanism of 
gene expression gives added reason for seeking new facts about them. The 
identification of a class of separable nuclear components associated with such 
loci would appear to furnish one of the most promising bases yet discovered 
for enlarging our understanding of these phenomena. 


SUMMARY 


A new phenotype in maize, termed very light variegated, appeared in an 
inbred line as a mutation from light variegated pericarp. The latter previously 
had been shown to differ from ordinary medium variegated in possessing in 
single dose an unusual kind of genetic unit called transposed Modulator 
(tr-Mp). Very light variegated was found to carry two doses of tr-Mp in 
different locations. Evidence is presented in support of the view that the muta- 
tion which resulted in the very light variegated phenotype involved reduplica- 
tion and transposition of the single tr-/p present in the parent light variegated 
plant. A single dose of transposed Modulator (light variegated) as compared 
with the absence of tr-M/p (medium variegated) reduced the frequency of 
PY¥ to P®® (red pericarp and cob) somatic mutations 59.7%. The corres- 
ponding value for two doses of tr-Mp (very light variegated) as compared 
with one dose, was a reduction of 86.8%. The somatic mutations scored in 
these cases represented three size classes, one kernel, one-half kernel, and 
one-quarter kernel. One and two doses of tr-Mp were found to reduce the fre- 
quency of directly observable very late-occurring P'' to P*” mutations to zero. 


ACKNOWLEDGMENTS 


This study was aided by grants from the Research Committee of the Gradu- 
ate School of funds supplied by the Wisconsin Alumni Research Foundation. 
The writer is indebted to Miss NANcy WorNeER for assistance in classification 
of the material and to EUGENE HerrLING for making the photograph in 
figure 1. 


LITERATURE CITED 


ANDERSON, E, G., and W. H. Eyster, 1928 Pericarp studies in maize. III. The frequency 
of mutations in variegated maize pericarp. Genetics 18: 111-120. 

Anperson, R. E., and R. A. Brink, 1952. Kernel pattern in variegated pericarp maize 
and the frequency of self-colored offspring. Amer. J. Bot. 39: 637-044. 











740 R. A. BRINK 


Brink, R. A., and R. A. Niran, 1952 The relation between light variegated and 

medium variegated pericarp in maize. Genetics 37: 519-544. 

Emerson, R. A., 1917 Genetical studies on variegated pericarp in maize. Genetics 2: 1-35. 

1921 Genetic evidence of aberrant chromosome behavior in maize endosperm. Amer. 

J. Bot. 8: 411-424. 

McCuintock, BARBARA, 1951 Chromosome organization and genic expression. Cold 

Spring Harbor Symp. Quant. Biol. 16: 13-47. 

1953 Induction of instability at selected loci in maize. Genetics 38: 579-599. 
Peterson, P. A., 1953 A mutable pale green locus in maize. Genetics 38: 682 (Abstr.). 
Ruoapes, M. M., 1936 The effect of varying gene dosage on aleurone color in maize. 

J. Genet. 33: 347-354. 

1941 The genetic control of mutability in maize. Cold Spring Harbor Symp. Quant. 

3iol. 9: 138-144. 











A NONLINEAR RELATION BETWEEN X-RAY DOSE AND 
RECOVERED LETHAL MUTATIONS IN DROSOPHILA! 


H. J. MULLER, I. H. HERSKOWITZ, S. ABRAHAMSON anp I. I. OSTER 


Department of Zoology,2 Indiana University, Bloomington, Indiana 


Received March 3, 1954 


INCE the demonstration by OLIvER (1930) of the linear relation between 
the frequency of recessive lethal mutations induced by application of ioniz- 
ing radiation to the sperm of Drosophila and the dosage of radiation used, 
numerous confirmatory experiments have been reported. It has usually been 
held that a strictly linear relation exists throughout the range of doses which 
can be studied, even at the highest ones. If this is true, however, important 
problems of interpretation regarding mutational mechanisms are raised, be- 
cause of the connection which is known to exist between some lethals and some 
structural chromosome changes, in view of the fact that the frequency of the 
chromosome changes increases more rapidly than the first power of the dose 
(see TIMOFEEFF-ReEssovsky 1939; LEA and CATCHESIDE 1945; HERSKOWITZ 
1946, 1951; Fano 1947; Mutter 1950, 1954). It has therefore seemed de- 
sirable to obtain further data concerning the lethal frequency-dosage relation, 
over a dosage range within which there would be a considerable alteration in 
the proportion of lethals connected with structurally changed chromosomes. 
In most previous work on dosage relations little attention has been paid 
to the exact age of the males used or the exact period, after irradiation, when 
the sperm were discharged, so long as the period of low lethal frequency be- 
ginning about 12 days after irradiation was avoided. However, a series of 
recent papers by LUNING (1952a, b, c, d) have shown the importance of these 
factors. He concludes that chromosome abnormalities, and the lethals con- 
nected with them, are at a maximum in offspring derived from sperm re- 
leased between 7 and 11 days (passed at a temperature of 25°C) after irradia- 
tion, especially if the males were not more than a few days old when they 
were exposed. In other words, in young males, those sperm which are not 
due to be discharged for some 7 to 11 days are at a stage which is especially 
susceptible to the induction of chromosome changes. It was therefore decided to 
use this stage in our own experiments, in order to emphasize effects dependent 
on chromosome changes. 


METHODS 
Adult males of a wild-type (“ Oregon R”) stock were irradiated when they 
were less than 24 hours old from the time of eclosion. Approximately 4350 
1 This work was supported by a grant from the American Cancer Society (EG-9G), 
given on recommendation of the Committee on Growth of the National Research Council, 


and by a grant from the Atomic Energy Commission (AT (11-1)-195). 
* Contribution No. 558. 
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males were given 4000 r, 1100 males 1000 r, and 350 males no irradiation 
(these serving as controls). As usual, a 1 mm thick Al filter was used and the 
flies were exposed in gelatin capsules, supported on a thin board (about 3 mm 
thick), with no heavy material in the neighborhood. The peak kilovoltage was 
135. A Victoreen dosimeter was used to check the output, just before (and 
sometimes also after) the flies were treated. In order to have the higher dose 
as nearly as possible four times the average of the lower dose, the flies for the 
two doses were irradiated simultaneously, according to the following scheme. 
The capsules containing the flies for the higher dose were kept in the X-ray 
field during the entire interval necessary for them to receive the 4000 r, but 
this interval was divided into quarters, with intermissions of about one minute 
between them. During each of these quarters a different capsule with flies 
for the lower dose was in the field, one low-dose capsule being substituted 
for another during each intermission. This procedure was gone through on 
each of three successive days, since on any one day only one-third of the total 
number of flies used was available for irradiation. 

Within two hours after exposure the irradiated males were placed in un- 
crowded culture vials, with equal or slightly larger numbers of wild-type 
virgins (Oregon R). They were left with these for 7 to 7% days, at 25°C. In 
the middle of this period both males and females were transferred to freshly 
made-up vials, in order to maintain the flies in good condition. The control 
males were handled similarly. The purpose of these first matings was not to 
obtain offspring for testing but only to promote elimination of sperm that 
were ready for discharge, during the week following irradiation. At the end 
of this period, the males were transferred to another set of vials, into which 
females of ** Base’ stock (see below) were placed, while the wild-type females 
and the cultures in which they had been kept were discarded. The newly made 
cultures with the Base females were the first set (“* brood 1°’) from which off- 
spring were to be obtained for the lethal tests. 

In about half of the brood 1 cultures the Basc virgins used were % to 2% 
days old at the time they were placed with the males, while in the rest they 
were 7 to 8 days old, separate records being kept of the results from the two 
age-groups of mothers, since there had been a suspicion that maternal age 
might influence the results. As it was desired not to have great differences 
in the rigor of selection, as affected by crowding, among the developing 
offspring of the three dosage groups to be compared, the numbers of parental 
flies per vial were graduated approximately according to their productivity, 
as dependent on the amount of radiation which they had received. Thus, the 
control vials each received 3 males and 3 females, the low-dose vials 3 males 
and 4 females, and the high-dose vials 24 males and 30 + 6 females. All vials 
used were provided with the standard yeast-enriched food, and all parental 
cultures were kept at 25°C. 

After two days in the brood 1 vials the parental males were discarded and 
the parental Base females were transferred to a second set of vials, constitut- 
ing brood 2. After 4 days in brood 2 the females were transferred to the 
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last brood, numbered 3, and left there 4 to 6 days. Because of the fact that 
the males were discarded at the time of removal of the parents from brood 1, 
when they had lived 9 days and 9 to 10 hours since being irradiated, the off- 
spring of all three broods alike were derived from sperm discharged 7 to 9% 
days after irradiation. 

The Base stock (which has been referred to by some geneticists as “* Muller 
5,” but for which we prefer the present designation, derived from its contained 
mutations ) is constructed to facilitate the finding of sex-linked recessive lethals. 
It contains the dominant marker Bar (/) and the recessive apricot (apr), 
as well as (to avoid the occurrence of crossover offspring) a long inversion- 
combination (In scS! L-In sc’ R) associated with changes in the locus of 
scute (sc), and also a moderate-sized inversion (InS) included within the 
long one. The regular (not nondisjunctional) F, females from the cross of 
Base mothers with wild-type fathers are readily distinguished from those 


. 


produced by nondisjunction, contamination, or “ non-virginity ” (prior mating 
of the mothers with males of their own stock). These desired F, females 
need not be obtained as virgins, since for the detection of lethals in their 
paternal X-chromosome the most suitable mating is with Basc males like their 
brothers. These females were therefore bred, one per vial, with Basc males 
(those from stock cultures being preferred to their brothers, however, because 
of the lower fertility of males with irradiated chromosomes). The presence 
of a lethal in the paternal X was evidenced in the next generation (F2) by 
the absence of wild-type males. Doubtful cases were carried further by the 
breeding of those F, females which had a phenotype like that of the F; females. 


RESULTS 


On account of the large numbers which were desired in this experiment, 
the task of making up and scoring the F,-Fs. and later cultures was divided 
among three groups of workers, respectively led by (1) HeERskowitTz and 
ABRAHAMSON, (2) MULLER and (3) OsTER. Since, however, no differences 
in results other than those to be expected from random sampling were ob- 
tained the numbers will not be presented separately for these groups. A 
similar situation exists regarding the results from the three different broods, 
from flies treated on the three successive days, and from the P, females of the 
two age groups. That is, the results in all cases failed to show consistent dif- 
ferences from one another. For this reason only the combined results are pre- 
sented in the accompanying table. 

Among the controls 18 F,; were found to contain lethals, but 16 of these, 
all derived from the same parental culture, obviously represented a single 
mutation that had occurred at a very early embryonic stage of a parental male. 
Earlier work by the senior author (MULLER 1946, and unpublished) has 
shown the frequency of such cases to be so low as to make it very unlikely for 
any other cases of the kind to have arisen in the present experiment. If, for 
this reason, we do not count this case, the observed control frequency of 
0.05 + 0.04%, shown in the table, agrees well with that of 0.06% found in 
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the earlier work for second-week sperm of previously mated males. If on the 
other hand the group of sibs is included, the frequency becomes 0.45 + 0.4%. 

The frequency obtained with the low dose is, as expected on the basis of 
Linino’s findings (or even more than on that expectation), considerably 
and significantly higher than the frequency of about 3% (including spontane- 
ous lethals) ordinarily obtained by application of 1000 r to spermatozoa, when 
sperm discharged during the first week after irradiation are used. That the 
high rate in the present case was a result of the stage at which these sperm 
were irradiated is further shown by information supplied to us by Dr. J. I. 
VALENCIA, who obtained in our laboratory, shortly after the present ex- 
periment was completed, a frequency of recessive sex-linked lethals of very 
nearly 3%, from sperm of young Oregon-R males discharged within some 
five days after irradiation with 1000 r. Thus our present rate is approximately 
double that for earlier-released, more fully mature sperm. 

On the other hand, the induced frequency of 9.45% + 0.5% obtained with 
the high dose is significantly lower than that of 11% (including spontaneous 
lethals) expected on the principle of a linear frequency-dosage relation under 


TABLE 1 


Frequency of sex-linked lethals derived from sperm released 7 to 942 days 
after irradiation of 0-1-day-old males. 








Dose 0 (controls) 1000 r 4000 r 
Lethal X chromosomes 2(+16 sibs) 759 402 
Total tested X chromosomes 3893 11,295 4,246 
% lethals with std. error 0.052 + 0.035 6:73 2.25 9.50 + .50 
(ignoring group of sibs) 
% induced lethals & error 0 6.68 + .25 9.45 t .50 





ordinary circumstances, when the frequency at 1000 r is only 3%. (In citing 
this figure as 11% rather than 12% account is taken of “ overlapping,” i.e., 
of the scoring of only one lethal when more than one arise in the same chro- 
mosome.) But, in relation to the frequency of 6.7% actually obtained at 1000 r, 
that of 9.5% obtained at 4000 r departs far more from the expectation for 
linearity. Using the values for induced mutation frequency given in the table, 
which are corrected for a control frequency taken as 0.05% + 0.04%, the 
ratio of the induced frequency for the high dose to that for the low dose is 
found to be 1.41 (+ 0.09): 1. This would make 1.65: 1 the upper limit for the 
ratio of frequencies at a confidence level of 100: 1, in contrast to the ratio of 
4:1 for the doses used. Even when the control frequency is taken at the 
improbably high value of 0.45% + 0.4%, the ratio of frequencies turns out 
to be 1.44 (+ 0.15): 1, with an upper limit of 1.83: 1 at the 100: 1 confidence 
level or 1.94: 1 at the 1000: 1 level. Thus we may conclude that when the 
dose was quadrupled the frequency of lethals was not even doubled; that is, 
the frequency at the higher dose was less than half what it would have been 
on the linearity principle. 
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CONCLUSIONS 

These experiments show that, under some circumstances, factors are at 
work which cause a considerable reduction, at high doses, in the frequency 
of recovered lethals, below that to be expected on a linear frequency-dosage 
relation. It is significant that in the present experiment, in which this effect 
was so marked, many or most of the sperm were at a stage which had two 
or more times the susceptibility of the fully mature sperm of young males 
to the lethal-producing and (judging by LUN1iNnG’s work) the chromosome- 
breaking action of ionizing radiation. If now the very probable assumption is 
made that not all the sperm which became discharged during the interval in 
question (from 7 to 9% days after irradiation) were at the time of irradiation 
at just the same stage, and possessed of just the same susceptibility, the theo- 
retical basis is provided for explaining, as a consequence of selection, the 
unexpectedly low value found for the high dose. 

The reasoning on which this conclusion is based is as follows. If the sperm 
in question (either those of different males or of the same male) had been 
heterogeneous in their susceptibilities, then the more susceptible ones, those 
in which there was a higher induced recessive lethal frequency, would also have 
a higher chromosome breakage frequency. Since some of the broken chromo- 
somes (those which were aneucentric or aneutelic) would tend to give domi- 
nant lethal effects in the zygotes, or, if the break had occurred at a sperma- 
togonial stage, lethal effects in the germ cells themselves, it would follow that 
a smaller proportion of the more susceptible than of the less susceptible germ 
cells would produce viable offspring. That is, zygotic and/or germinal selec- 
tion would work more against the production of viable offspring from the more 
susceptible germ cells, which contain more lethals than from the less suscepti- 
ble ones, which have fewer lethals. Thus this influence reduces the frequency 
of lethals which are recovered (i.e., found) below that at which they are pro- 
duced. Moreover, at the lower dose used by us, where there are relatively few 
chromosome breaks, this selective influence would be much weaker than at the 
higher dose. Hence the frequency of recovered recessive lethals would be de- 
pressed much more, relatively to the frequency of recessive lethals that had 
actually been induced, at the higher dose than at the lower dose. This would 
cause a departure from linearity in the observed direction, i.e., a flattening of 
the curve, even if the frequency of actually induced lethals had had a linear 
relation to dose. 

Although it is not unlikely that the males differed somewhat from one an- 
other in their susceptibility, at the time of irradiation, of those sperm which 
were to be released 7 to 9% days later, perhaps in correspondence with the 
speed at which the sperm of different males completed their development, or 
were moved along in the ducts, it is probable that, in addition, those sperm 
of any given male which were destined to be released in the period in question 
differed from one another in their susceptibility, perhaps falling into several 
distinctly different groups corresponding with their stages of development. 
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More extensive testing of offspring of individual males could give evidence 
on this point. 

Another uncertain matter, alluded to above, is whether the less susceptible 
sperm of the present experiment were mainly those which had been more 
nearly mature at the time of irrad!ation, and therefore similar to most of those 
discharged soon after irradiation, or were mainly germ cells in spermatogonial 
stages (although these are believed by some authors not to become discharged 
until 12 days or more after irradiation). It has been well known since the 
work of Harris (1929) that the irradiation of spermatogonia gives a far lower 
lethal frequency than that of mature spermatozoa, and as was shown later it 
also results in a far lower frequency of dominant lethals and other chromosome 
aberrations among the resulting spermatozoa. Although the drop in these 
frequencies seems to begin only with the twelfth day after irradiation, and 
then to be very sharp, whereas in our experiment the sperm were discharged 
during the earlier (7-to-9'4-day) part of the 7-to-11-day period of maximum 
frequencies, it is not unlikely, especially in view of work by FRIESEN (1936) 
on the timing of induced spermatogonial crossing over, that some irradiated 
spermatogonia were included among the germ cells which furnished the 
offspring studied by us. This would help to explain why the frequencies ob- 
tained by us with 4000 r were even lower than those which would have been 
expected from fully mature spermatozoa treated with this dose. In fact, there 
is no reason to suppose the number of germ cell types dealt with in this ex- 
periment to have been limited to two or even three; they probably formed a 
cline of considerable range, with more than one peak. 

The question now arises, could not some selection of the kind in question 
take place even when the sperm under consideration are those released at an 
earlier period, a shorter time after irradiation? That this is probably the case 
when the males used are not very young at the time of irradiation (and there- 
fore, perhaps, not so abundantly supplied with fully mature sperm), is in- 
dicated by Linina’s findings that the sperm of such males, even those 
discharged within the first five days after irradiation, give frequencies of 
chromosome changes intermediate between those produced by the earlier and 
by the later (7-to-1l-day) released sperm of males irradiated when newly 
hatched (see also the related finding by OFFERMANN 1938). LUNING is in- 
clined to interpret his result as meaning that in the older males (or in a group 
of older males) the sperm discharged in any given period are more hetero- 
geneous than in young males, in regard to the stage at which they had been 
at any given period before their discharge. If this is true, then, as our own 
results indicate, there would be a selective effect of this heterogeneity when 
these males are used shortly after irradiation, similar to but not as strong as 


that occurring when sperm discharged 7 to 91% days after the irradiation of 
young males are used. Hence results from older males, even when used soon 
after irradiation, would give spurious values for mutation frequency, values 


which tended to flatten the observed curve below the actual one. 


If however this is true of old males it may even be true, although to a 
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lesser extent, for young males, and even when these are bred within a few 
days after their exposure to radiation. This consideration makes all previous 
experiments on the dosage-frequency relations of genetic effects more or less 
suspect, especially when high doses are concerned. This stricture is reenforced 
when it is recalled that in much of the work no great attention was paid to 
the age of the males used for irradiation, or to the length of time after irradia- 
tion at which the sperm were discharged which produced the offspring tested 
for lethals. 

It may be objected that the very fact that the frequency-dosage relation 
observed in earlier work has appeared to be linear argues for the validity of 
the observed lethal frequencies, as representative of the frequencies actually 
induced. Despite the appeal of this argument, it is in some degree circular, 
inasmuch as it is the question of linearity (especially at high doses) which 
is at issue. The selective effect found so markedly in our results from sperm 
taken 7 to 9% days after irradiation would have had to exist to only a very 
slight extent, in the data reported in earlier work, in order to be enough to 
cover up that rather small rise in actual lethal frequency above linearity at high 
doses, which would be expected if most recessive lethals associated with chro- 
mosome changes were expressions of position effects. Hence it is entirely 
conceivable, in the light of our present results, that the frequency with which 
lethals are produced increases more rapidly than the dose at high doses. A 
definite decision of this question awaits the carrying through of further 
dosage experiments, under conditions in which there are good grounds for 
inferring that the sperm are practically homogeneous in regard to their sus- 
ceptibility to the induction of mutations. In the meantime, attention may be 
called to the rise above linearity for high doses which has been reported by 
STAPLETON, HOLLAENDER and MAartTIN (1952) for visible mutations induced 
by X-rays applied to spores of Aspergillus (see also the results on Neurospora 
by SANSOME, DEMEREC and HOLLAENDER 1945, as analyzed by MULLER 1954). 

The flattening of the frequency-dosage curve for mutations obtained in 
the present experiment with X-rays is very reminiscent of the flattening of 
this curve that has been found in material of diverse kinds, including Dro- 
sophila pole cells, when ultraviolet light is applied (for recent discussion of 
the ultraviolet curve see MULLER, ALTENBURG, MEYER, EDMONDSON and 
ALTENBURG 1954). In the case of ultraviolet also this flattening has in some 
cases been shown to be due, at least in part, to a selective effect, but this has 
usually been based on heterogeneity in the degree of exposure rather than 
in susceptibility. For germ cells of adult male Drosophila, however, in which 
the higher dose of ultraviolet actually resulted in a lower recovered frequency 
of recessive lethals, as observed by SELL-BELEITES and Catscu (1942), dif- 
ferences in susceptibility were inferred to form the basis of the effect. It seems 
likely that even in work with ionizing radiation such differences would occa- 
sionally have been encountered in sufficient strength to give rise to significant 
deviations from the linear “ expectation.’’ They may well have been responsible 
for some of the irregular results reported in experiments dealing with the 
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frequency-dosage relations for mutations induced by X-rays in plant material 
(see e.g., STUBBE 1933; GusTAFsSON 1947), although these may in larger 
measure represent differences in susceptibility itself (and not in selection) 
among different groups of treated individuals. 

At the same time, it should be emphasized that at lower doses the selective 
effects here in question would usually be too weak to disturb the observed 
frequencies materially. Hence the linear relation established for these lower 
doses must be accepted as real, and as representing the workings of the 
primary mechanism of production of “* point mutations” by radiation, what- 
ever complications may be found at the higher doses. 


SUMMARY 


When 1000 r of X-rays were applied to adult males of Drosophila melano- 
gaster which had hatched not more than 24 hours previously, and offspring 
derived from sperm ejaculated by these males 7 to 9% days after irradiation 
were tested, a frequency of 6.5% + 0.3% of induced recessive lethals was 
found in the exposed X chromosomes. This frequency, being more than double 
that ordinarily obtained, confirms LtNninc’s finding that germ cells at the 
given period (1.e., that of 7 to 9% days prior to ejaculation, in newly hatched 
males) are especially susceptible to mutagenesis by ionizing radiation. How- 
ever, a dose of 4000 r, under otherwise identical circumstances, resulted in 
only 9.3% + 0.6% of induced recessive lethals. This marked flattening of 
the lethal frequency-dosage curve at high doses is interpreted as an effect of 
selection, operating more strongly at higher doses to kill off preferentially, 
by chromosome breakage, the descendants of the more susceptible germ cells, 
in which recessive lethals had been induced at a higher frequency. It is in- 
ferred that the germ cells of the period in question are heterogeneous in their 
susceptibilities, and that there is a strong positive correlation between sus- 
ceptibility to the chromosome-breaking and that to the recessive-lethal-induc- 
ing effect of X-rays. 

It is pointed out that heterogeneity of a similar kind probably exists, to a 
lesser extent, in the germ cells of a period shortly before ejaculation, when 
older males are used, and that it may even be present to some extent in the 
germ cells of that period in young males. In view of these considerations, and 
the fact that in most earlier work the importance of exactly controlling pa- 
ternal age and germ-cell stage was not realized, the significance of earlier data 
purporting to show the continuing linearity of the lethal frequency-dosage 
relation at high doses becomes uncertain, and conclusions based on a supposed 
linearity in this dosage region should be held in abeyance until more definitive 
data can be obtained, on material of maximal homogeneity. 
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T is known that mutations constitute diverse types of genetic phenomena. 
Deficiencies, duplications, rearrangements giving position effects, trans- 
positions of heterochromatin next to euchromatin, and recombination products 
of genic elements following both normal and unequal crossing over have all 
been shown to simulate true gene mutation. Indeed, it may be questioned if 
true gene mutation has been established experimentally, although it is believed 
that such mutations do occur and constitute a basis for evolutionary changes. 
It has not been possible with our present techniques to demonstrate unequivo- 
cally that any specific mutational change does not involve an extragenic altera- 
tion. A deficiency or chromosomal rearrangement so minute as to be cytologi- 
cally or genetically undetectable, may be responsible for the mutant phenotype. 
Thus the student of the mutation process is not able to discriminate between 
point mutations and gene mutations although he can in many cases demonstrate 
that the mutant phenotype is inseparably associated with some gross chromo- 
somal alteration. 

Mutations, broadly defined, arise spontaneously and following exposure of 
germinal material to mutagenic agents such as short wave irradiation and 
certain chemicals. Some studies with Drosophila suggest that there is no 
essential difference between spontaneous mutations and those induced by short 
wave radiation. On the other hand, certain investigations in maize indicate 
that X-ray induced mutations may consist solely of extragenic alterations 
while spontaneous mutations include many mutational changes which have 
not been associated with chromosomal rearrangements. Since there is no way 
by which mutations induced at miscellaneous loci can be classified as to the 
type of genetic change, it is apparent that only detailed study of mutation at 
selected loci enables one to attempt to separate true gene mutations from 
extragenic alterations simulating gene mutation. In their study of X-ray in- 
duced mutation at the 4, locus in maize, STADLER and Roman (1948) found 
that the induced mutations were all associated with deficiencies ; some of these 
were so minute as to be cytologically undetectable but could be demonstrated 
by genetic tests. 

The purpose of this investigation is to study further the nature of in- 
duced mutation at certain selected loci in maize. Numerous monographs and 
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reviews have been published on induced mutation and only papers pertinent 
to the present study will be cited. 


MATERIALS, METHODS AND RESULTS 


Pollen treatment with X-rays. Part of this study is concerned with X-ray 
induced mutations at specific loci in maize and with a subsequent cytological 
examination in an attempt to determine the extent to which these mutations 
were associated with chromosomal alterations. The loci chosen for investiga- 
tion were Vg2 (yellow green), /g; (liguleless), and glz (glossy). The yge locus 
is particularly useful for this study since McCLintTocKk (1944) has shown that 
it is located in the first chromomere proximal to the terminal knob in the short 
arm of chromosome 9. This distal position permits the detection of minute 
aberrations at pachytene which probably would not be observable at more 
proximal loci. 

For the ygz locus, individual plants from homozygous dominant Yg stocks 
(anthocyanin for aleurone and plant color) were used as pollen parents. Ma- 
ture pollen was collected, given either 1000 or 2000 r of X-rays, and placed 
on silks of either yg yg or Ygyg (nonanthocyanin for aleurone and plant 
color) plants. The control data came from similar crosses made with non- 
irradiated pollen. At maturity, kernels with anthocyanin aleurones were se- 
lected and planted. If no change had occurred at the Yg locus, all ensuing 
plants should be green. Individuals showing the yg phenotype arise from loss 
of Yg or its mutation to yg. (Maternal haploids are readily detected since 
they are both yg and nonanthocyanin plants, and subsequent cytological analy- 
sis proved this to be so in the five cases found.) Microsporocytes were col- 
lected from the yellow green plants, fixed and stored in propionic alcohol. 
Acetocarmine or orcein smears were made and the material analyzed for 
chromosomal aberrations. 

Of the 15 yg mutants examined (table 1), 14 proved to be associated with 
gross chromosomal changes which resulted in the loss of the chromomere 
containing the Yg locus. Of the 14, three possessed only one chromosome 9. 
Six had a chromosome 9 univalent and a ring; of these, three plants were 
variegated green and yellow green. Four plants possessed terminal deficiencies 
for part of the short arm of chromosome 9. One plant (fig. 1) had a deficiency 
for part of the short arm of chromosome 9 with the centric portion trans- 
located to another chromosome (unidentified) at the point of breakage; the 
knob and doubtless the first chromomere were missing from chromosome 9 in 
this translocation. One plant (320(5)) showed no observable aberrations for 
chromosome 9 (fig. 2). This plant represents either a mutation of Yg to yg 
or a deficiency in the first chromomere so minute as to escape detection. This 
is probably true also for plant 20(1) (not listed in table 1) since no ob- 
servable aberration could be detected at pachynema; however, there was not 
enough material to complete the analysis. 

The /g and gl loci are both located in the short arm of chromosome 2. The 
gl! locus is proximal to /g and is separated from it by approximately 16 cross- 
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TABLE 1 


Analysis of mutation and chromosomal aberration induced by X-rays (2000 r) 
in mature pollen for the yg, locus (yg yg or Ye yg X Ye Ye). 


Mutant plant 


Chromosomal aberrations 








Plent phenotype 
number gaa ‘in aca i. + *- 6 oe 
Chromosome 9 Other chromosomes 
green 
4 (1) xX Univalent Normal 
320 (3) xX Univalentr Normal 
320 (4) x Univalent Normal 
4 (2) x** Univalent, ring Normal 
239 (1) x Univalent, ring Normal 
284 (1) _— Univalent, ring Normal 
324 (1) x Univalent, ring Normal 
15 (1) x** Univalent, ring T,4-6 
247 (1)* X Univalent, ring T,1-2 
318 (1) xX Terminal df., 9S Normal 
273 (1) X Terminal df., 9S T,G6-7, univalent 6, 
T,2-4 
320 (1) x Terminal df., 9S Univalent, ring for 
chromosome 7 
321 (2) X Terminal df., 9S Two unidentified 
translocations 
232 (1) x Terminal df., 9S- Unidentified 
T, unidentified translocation 
chromosome 
320 (5) X No observable Probable small 


aberrations 
*Mature pollen given 1000r, X-rays. 
**Variegated green and yellow green. 


df., 3S 





over units (EMERSON, BEADLE and FRAZER 1935). The /g locus is known to 
be located within the terminal four chromomeres (McCiintock 1931). Mu- 
tants were induced and sporocytes collected and smears made by methods 
similar to those described for the yg locus using Lg Lg GI GI and Ig 1g gl gl 
stocks. The mutant phenotypes were liguleless or glossy or both liguleless and 
glossy. 

Six liguleless-glossy mutants (including plant 205 (1) ) were examined cyto- 
logically (table 2). Of these, three possessed a univalent and a ring-shaped 
chromosome 2, One plant had a 2-6 translocation in which parts of chromosome 
2 (including the centric part) were translocated to chromosome 6 (fig. 3), and 
one plant had a terminal deficiency for approximately one-half of the short 
arm of chromosome 2 (fig. 4). This places the g/ locus in the distal half of the 
short arm. Mutant plant 205(1) probably belonged in the liguleless or glossy 
class since it had no ligule at the midrib and cytological analysis revealed a 
univalent chromosome 2. Although the classification for liguleless in the 
seedling stage is usually easy, the frequent occurrence of a partial ligule in 
mature plants sometimes makes classification difficult. This is especially true 
of mutants suspected of being variegated for liguleless. It is a reasonable as- 
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Figures 1-2.—Pachytene configurations of chromosome 9 derived from plants sub- 
jected to irradiation. Figure 1.—Bivalent chromosome 9 from plant 232(1) showing 
a terminal deficiency in the short arm. The deficient arm of chromosome 9 is translocated 
to an arm of an unidentified chromosome. The unidentified chromosome is represented 
by dotted lines and extends beyond the point indicated by the arrow. There is non- 
homologous pairing between the short arm of the normal chromosome 9 and an arm 
of the unidentified chromosome. Camera lucida line drawing > 850. Figure 2.— 
Normal bivalent chromosome 9 from plant 320(5). Photograph x 1000. Ficures 3-6. 
Pachytene configurations of chromosome 2 derived from plants subjected to irradiation. 
Figure 3.—Translocation 2-6L from plant 128(1). The parts of chromosome 2 which 
have been translocated to chromosome 6 are represented by dotted lines. A minimum 
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of one break in chromosome 6 and two breaks in chromosome 2 must have occurred to 
produce this translocation. There is nonhomologous pairing between the parts of 
chromosome 2. Camera lucida line drawing x 590. Ficure 4.—Bivalent chromosome 
2 from plant 132(2) showing a terminal deficiency of one-half of the short arm. Camera 
lucida line drawing & 1300. Figure 5.—Reciprocal translocation 2S-8L from plant 157(1). 
Segments of chromosome 2 are represented by dotted lines. Camera lucida line draw- 
ing < 590. Ficure 6.—Translocation 2-8L from plant 142(2). The parts of chromosome 
2 which have been translocated to chromosome 8 are represented by dotted lines. A 
minimum of one break in chromosome 8 and two breaks in chromosome 2 must have 
occurred to produce this translocation. There is nonhomologous pairing between seg- 
ments of chromosome 2. Camera lucida line drawing XX 590. 


sumption that all of the above liguleless-glossy mutants resulted from loss of 
the Lg and G/ loci. 

Since the extensive work of STADLER on both spontaneous and induced 
mutation in maize provides excellent data on the mutation rate, such data 
will not be presented here. However, it was noted that the majority of in- 
duced mutations were both liguleless and glossy, and those examined cytologi- 
cally all resulted from chromosomal alteration. This is in agreement with the 
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TABLE 2 


Analysis of mutations and chromosomal aberrations induced by X-rays (2000 r) 
in mature pollen for the lg, and gl, loci (ig lg gl gl X Lg Lg GIGI). 











Chromosomal! aberrations 








Plant Mutant plant 

number phenotype Chromosome 2 Other chromosomes 

109 (2) lg el Univalent, ring Small paracentric 
inversion which 
includes knob, 5L 

110 (1) lg gl Univalent, ring Normal 

128 (1) lz gl T,2-6L Normal 

132 (2) lg gl Terminal df., Univalent, ring for 

1/2-2S chromosome 6 

132 (3) lz gl Univalent, ring Normal 

205 (1)* lg** el Univalent Normal 

139 (1) le Normal Normal 

186 (1) le Univalent, ring T,1-4 

194 (2) a Univalent, ring Large paracentric 
inversion, 4L 

199 (2) le** Univalenr Normal 

142 (2) el T,2-8L, univalent Normal 

chromosome 2 

5763) gi T,2S-8L Normal 

157 (2) gl Normal Univalent, ring for 
chromosome 8 

188 (1) el Normal Univalent, ring for 
chromosome 8 

191 (1) el Norma] Normal 





*Mature pollen given 1000 r, X-rays. 

**Ligule on mature plant, none at midrib, leaves erect like liguleless. 
early work of STADLER (1931), who reported that with X-rays, the majority 
of induced recessive mutations for the linked genes C, Sh, and Wx involved 
simultaneous “ mutation ”’ of all three loci. This was assumed to be the result 
of deficiencies. LonGLey (1950) also reported that in maize, using X-ray 
and Bikini-treated material, there is a prevalence of breaks in regions adjacent 
to the centromere. 

Of the four liguleless mutants examined cytologically, two had a univalent 
and ring for chromosome 2. It seems plausible that the Lg locus was lost and 
the ring carried the dominant glossy allele. One plant possessed a univalent 
chromosome 2 only. It is difficult to account for the nonglossy phenotype in 
this case unless one assumes that the plant had a fragment or ring which 
carried the dominant glossy allele which was lost before meiosis. In one plant 
there were no visible aberrations in chromosome 2. Since the liguleless locus 
is located within the terminal four chromomeres and thus aberrations are 
easy to detect, this mutant must have arisen either by mutation of Lg to lg 
or by an undetectable minute chromosomal aberration. Two mutants were 
observed which were liguleless but possessed auricles with leaves held out at 
the same angle as in normal plants. This suggests that the association of ligule- 
less with the absence of auricles and a vertical midrib may be due to closely 
linked genes. 
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In the case of the five glossy mutants analyzed, there were no visible aber- 
rations for chromosome 2 in three of the plants. However the glossy locus is 
not definitely located cytologically and extremely small alterations may be 
difficult to detect. Two of the three plants with no aberrations possessed a 
univalent and ring for chromosome 8. One glossy mutant had a 2S-8L re- 
ciprocal translocation (fig. 5). The simplest explanation as to the cause of 
mutation in this case would appear to be the loss of the dominant glossy allele. 
In another glossy mutant parts of chromosome 2 (including the centromere) 
were translocated to the long arm of chromosome 8 (fig. 6). A minimum of 
one break in chromosome 8 and two breaks in chromosome 2 must have oc- 
curred to produce this translocation. It seems a logical assumption that the G/ 
allele was lost while the Lg allele is located in one of the two parts of chromo- 
some 2 which was translocated to chromosome 8. 

An investigation was made to study the effect of irradiation upon antho- 
cyanin formation in the aleurone of a stock recessive for one of the factors 
whose dominant allele is ordinarily necessary for anthocyanin production. In 
maize a number of independent complementary loci are concerned with antho- 
cyanin formation. In the aleurone the dominant factors d,, do, C and R are 
ordinarily necessary for anthocyanin production. Purple colored aleurone re- 
sults if the dominant Pr allele is present while a red aleurone is produced if 
the recessive pr allele is homozygous. The recessive a; allele was chosen for 
study. This allele mutates to a series of higher A, alleles in the presence of 
the dominant gene Dt (Dotted) which is located in the terminal heterochro- 
matic knob on the short arm of chromosome 9 (RHOADES 1936, 1938, 1941a, 
1941b, 1945). McCirntock (1950) found that recessive a, mutates to the 
dominant if the short arm of chromosome 9 is disturbed in a stock recessive 
for the dt locus (a, is stable in the presence of recessive dt). This was ac- 
complished by subjecting the short arm of chromosome 9 to structural modi- 
fication by its involvement in a breakage-fusion-bridge cycle. 

In the present experiment a homozygous a, dt stock was used. The plants 
were grown in a nonirradiation area. Mature pollen was given 2000 r of 
X-rays and used to pollinate sister plants. The resulting kernels were classi- 
fied for the presence of anthocyanin. 


TABLE 3 


Effects of X-rays on the induction of the dominant phenotype 
in a,a,A,A,CC RR dt dt endosperms. 











Nonanthocyanin Mottled anthocyanin 
aleurone aleurone 
Nonanthocyanin Gacstans Nonanthocyanin vo 
scutellum scutellum 
X-rayed pollen No. 736 237 3 18 
2000 r % 73.97 23.82 0.30 1.81 
Control No. 4905 36 sons 1 


% 99.25 0.73 ne 0.02 
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A mottled anthocyanin aleurone of the “flush” type was induced in two 
percent of the endosperms, and of these 85 percent were germless. There were 
approximately 24 percent of nonanthocyanin germless kernels (table 3). 

Post fertilization treatment with chronic y-trradiation. This experiment was 
designed to study the effect of chronic y-irradiation upon anthocyanin forma- 
tion in the developing aleurone in a stock recessive for one of the factors whose 
dominant allele is ordinarily necessary for anthocyanin production. The a, 
allele was chosen for study for reasons explained previously. 

A homozygous a; dt stock was used throughout. Plants were grown in 
pails in a nonirradiation area and were selfed or sibbed. At 24 or 48 hours 
after pollination, the plants were placed at various distances from a 145 curie 
Co® y source, and remained there until maturity. The ears were then har- 
vested and the kernels classified for anthocyanin. 

Kernels on ears exposed to a dose of 670 r/day were germless, small, and 
highly deformed (table 4). The majority of the endosperms were mottled for a 
brown aleurone color (94.2 percent), some were mottled for a pink aleurone, 
some had a mixture of pink and brown, and a small percentage showed no 
color. 

At a dose of 368 r/day, all of the kernels were germless, as in the case of 
the higher dose, and the endosperms showed numerous defective areas, i.e., 
degenerate endosperm tissue. However, the kernels were considerably less 
deformed than at the 670 r/day dose. A high percent (26.4 percent) of the 
endosperms showed a mottled anthocyanin aleurone of the flush type. The 
majority of the mottled aleurones were pink in color; however, an occasional 
aleurone was purple or a mixture of pink and purple. The mottled areas were 
irregular in shape and varied in size. The number of mottled brown aleurones 
decreased sharply at this dose of y-irradiation. 

At doses of 230 r/day and lower, the percentage of germless kernels was 
further decreased and the endosperms were normal in size with only an occa- 
sional defective endosperm. It is evident in the data from the lower doses of 
irradiation that the majority of the kernels showing the flush pattern of antho- 
cyanin pigmentation were germless. At a dose of 230 r/day, 80.5 percent of 
the kernels with flush aleurones were germless while only 34.8 percent of 
those with no anthocyanin and 24.6 percent of those with mottled brown 
aleurones were germless. At a dose of 156 r/day, 85.3 percent of the flush 
aleurones were germless while 4.9 percent of those with no anthocyanin and 
7.7 percent of those with mottled brown aleurones were germless. This sug- 
gests that a germless condition is associated with the flush but not the mottled 
brown aleurones. In the nongermless kernels with a flush aleurone, the em- 
bryo often did not appear normal; germination tests of this class showed 
approximately 59 percent germination. Another class of kernels was that with 
nonmottled flushes of pink anthocyanin on the scutellum. The anthocyanin 
varied in color intensity and was often found in the area immediately sur- 
rounding the plumule, although it occasionally extended throughout most of 
the scutellum. At the lower doses, there was a small number of viviparous 
kernels which did not occur in the controls. 
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In general, kernels with mottled brown aleurone occurred at higher doses 
of y-irradiation than did those with anthocyanin in the aleurone. A small per- 
centage of the controls were germless and one germless kernel was mottled 
for pink aleurone. 

Plants have been obtained from kernels with flush aleurone (nongermless), 
mottled brown aleurone (nongermless ), pink scutellum, and colorless aleurone. 
Several of these plants showed inheritance of flush or mottled brown aleurone. 
There appears to be no association of endosperm phenotype with mutation in 
the embryo which results in flush or brown aleurone in post-pertilization irradi- 
ated kernels. Tests are in progress to determine the nature of inheritance. 


PREMEIOTIC MUTATION 


1. Recessive mutation. Preliminary experiments were made for the 4;, Ao, 
Bt, (Brittle endosperm), Pr and F loci, respectively, in an attempt to induce 
recessive mutation by irradiation in premeiotic cells. The 4;, de, Pr and R loci 
are concerned with anthocyanin formation as described previously. If muta- 
tions can be induced by irradiation in premeiotic cells, it is a reasonable as- 
sumption that a cell in which a mutation occurred should by subsequent 
mitoses give rise to a sector of the tassel or ear which would be heterozygous 
for the mutant gene. Thus, depending upon the size of the sector, a number of 
gametes carrying the same mutant would be produced. If the incidence of 
premeiotic mutation were high, this would be a useful tool for inducing muta- 
tion since a large number of gametes would carry the same mutation and the 
two sperm cells of the male gametophyte which unite with the egg and polar 
nuclei would be identical with respect to mutation. 

The As, Bt and Pr loci are located on chromosome 5. The dz locus is 
located in the short arm while Bt and Pr are both located in the long arm. 
The Bt locus is nearer the centromere and is approximately 24 crossover units 
from Pr. The A, locus is located on chromosome 3 and the R locus on chro- 
mosome 10. Appropriate homozygous dominant stocks were used as pollen 
parents except in one case when a heterozygous 4,q@, stock was used. Indi- 
vidual plants were grown in pails and the young plants placed near a constant 
Co® y source. Some plants were irradiated for short periods when very young, 
some for short periods shortly before meiosis, and some during most of the 
interval before meiosis. After irradiation, the plants were moved to a non- 
irradiation area. Pollen from individual plants was collected and placed upon 
yz Ay pr pr bt bt or a, a, or rr silks. The megaspore parent stocks were grown 
in a nonirradiation area. For controls, the same stocks were grown in a non- 
irradiation area and similar crosses made. After harvest, the kernels were 
classified for mutation. 

In the study concerned with the 4s, Bt and Pr loci (table 5), one plant 
(1902(5)) in a total of 22 irradiated, produced brittle endosperms in 9.6 per- 
cent of the kernels. This indicates that a premeiotic mutation occurred which 
resulted in a sector of the tassel that carried a mutation to the recessive allele 
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TABLE 6 


Effects of chronic y irradiation on the induction of recessive premeiotic 
mutation at the A, locus (a,a,Prpr X AyA,PrPr). 











Fractional F — 
Total puasie aad : ractiona 
ot Nonanthocyanin purple and Red 
dose of Purple aleurone none 
Pollen z slit : aleurone red aleurone 
: irradiation anthocyanin aleurone 
— expressed aleurone 
ins units Non- Germ- Non- Anthocyanin Germ- Non- Non- 
germless less germless_ scutellum less germless germless 
Total of 1803— No. 6058 33 40 1 1 22 5 
ll plants 5218 % 98.34 0.54 0.65 0.02 0.02 0.36 0.08 
Control No. 2453 16 8 2 1 
% 98.91 0.66 0.32 0.08 0.04 





of the brittle locus. All of the mutant brittle endosperms had an anthocyanin 
aleurone, thus ruling out the possibility of contamination. Preliminary cyto- 
logical investigation of this mutant indicates there are no observabie chromo- 
somal aberrations for chromosome 5. No premeiotic mutations were found at 
the 4» and Pr loci. 

In the two experimental series for the 4; locus (tables 6 and 7), one plant 
in a total of 32 irradiated possessed a premeiotic mutation. (In as much as a 
heterozygous 4, a, pollen parent was used for the second series (table 7) 
and the resulting ratios of anthocyanin and nonanthocyanin endosperms were 
equal, only the anthocyanin kernels are represented in the analysis.) The 
phenotype of this mutant (plant 1302(2), table 7) is characterized by an aleu- 
rone with an anthocyanin background with many small nonanthocyanin areas 
per kernei. This anthocyanin pattern also extended to the scutellum. Prelimi- 
nary cytological investigations of this mutant indicate that no sterility or ob- 
servable chromosomal aberrations are involved. 

The data for the R locus (table 8) indicated that no premeiotic mutations 
occurred in the seven plants tested. 

In general, considering the data for all loci tested, the use of y-irradiation 
on premeiotic cells was not an efficient means for producing mutation. The 
total dose of irradiation was in many cases far in excess of that which would 


TABLE 8 


Effects of chronic y irradiation on the induction of recessive premeiotic 
mutation at the R locus (rryy X RRYY). 


























Total Fractiona Nonanthocyanin 
Poll dose of Purple aleurone purple ond cemtes 

ollen intedtation nonanthocyanin yellow 

parent expressed aleurone endosperm 

in Funits “Nongermless Germless Nongermless Nongermless 
Total of 1855= No. 1636 2 3 3 
7 plants 4321 %&% 99.51 0.12 0.18 0.18 

Control No. 945 l 1 


% 99.79 0.11 0.11 
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be effective in inducing mutation if applied at later stages in the formation of 
gametes. At no stage of development before meiosis were the cells, which 
later give rise to sporogenous tissue, more susceptible to irradiation than in 
any other, as far as “ mutation’ as observed is concerned. 

2. Dominant phenotype mutation. This experiment represents an attempt to 
induce premeiotic mutations which can affect anthocyanin production in the 
aleurone of a stock recessive for the a; locus. The method used was the same 
as that described previously for premeiotic studies except a homozygous a, dt 
stock was used as the pollen parent for crosses to sister plants. 

Inspection of the data (table 9) indicates that y-irradiation was ineffective 
in producing premeiotic mutation which affects the production of the domi- 
nant phenotype. 

DISCUSSION 

Cytological analysis of the yge, lg; and glz loci gives evidence that most of 
the mutants resulting from X-irradiation of mature pollen are the result of 
chromosomal alteration which results in the loss of the locus concerned. In 
so much as the largest number of mutants possessed a ring chromosome or 
lost the entire chromosome one may predict that “ mutations ” produced under 
similar circumstances which result in the simultaneous loss of several linked 
genes, may in most cases, be due to similar cytological events. 

Within the resolution of the light microscope, the examination of the first 
chromomere in chromosome 9 (which contains the yg locus) is one of the 
best cytological tests available in plants for the detection of minute aberra- 
tions. Since no alteration of the first chromomere could be found in one 
mutant there seems no a priori reason to assume that this mutation is due to 
a minute deficiency. Unfortunately, the occurrence of an aberration in the 
short arm of chromosome 3 makes pollen analysis of little value in this case. 
STADLER and RoMAN (1948) reported X-ray induced mutations at the 4, 
locus; some of these mutations were due to deficiencies so small as to be 
cytologically undetectable. However, this was not an exacting cytological test 
since the A, locus is an interstitial locus and its exact location unknown, a 
small loss of a few chromomeres may readily go undetected under such cir- 
cumstances. 

It is interesting to note that chromosomal aberrations involving chromo- 
some 8 were present in four of the five glossy mutants analyzed cytologically. 
Two of these mutants had translocations which involved chromosome 2 and 
the long arm of chromosome 8 while the other two had a univalent and a 
ring for chromosome 8, and chromosomes 2 had no aberrations which could 
be detected. It is not clear why chromosome 8 should be so frequently involved 
in aberrations when mutation occurs at the glossy locus. Although the number 
of cases is admittedly small, this nonrandom involvement of chromosome 8 
may be of significance. 

The induction of the dominant phenotype by X-irradiation of pollen and 
by y-irradiation in the developing aleurone of a recessive a; dt stock is in- 
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teresting from the standpoint of effects of ionizing radiation. Early experi- 
ments by other workers gave negative evidence for the induction of dominant 
mutation at recessive loci by irradiation. In maize, STADLER (1944) reported 
that X-ray failed to induce the a, allele to mutate to higher alleles. 

In Drosophila the * dominant visible mutations” which are often lethal 
when homozygous, are usually associated with structural alterations of the 
chromosome. They may involve large inversions (Curly), small inversions 
(Dichaete), small duplications (Bar and Hairy wing), or small deficiencies 
(Notch and Minutes). Most of the phenotypic changes are probably position 
effects, although this has not been proven in all cases. 

In the present study, the induced dominant phenotype appears similar to 
that previously described by SAGER (1948) and by BRAwN (1949) as flush. 
As mentioned previously, the a; allele is known to mutate to higher alleles 
under the influence of the Dt locus (Rhoades 1945) and also when the short 
arm of chromosome 9 is subjected to breakage events when dt dt is present 
(McCurntock 1950). The resulting mosaic phenotype is a dotted pattern 
of anthocyanin in the aleurone which is readily recognizable. The dots are 
circular, regular in outline and somewhat uniform in size. No kernels were 
found in the present experiments which could be definitely classified as the 
dotted phenotype which is known to result from mutation of a;— A,;. The 
flush phenotype reported here forms a mottled pattern; the small areas of 
anthocyanin are irregular in shape and vary in size. They are readily dis- 
tinguishable from the dotted phenotype deseribed by Ruoapes. Recently, how- 
ever, NUFFER (1951) reported an allele of a; called A”, which in the pres- 
ence of Dt forms a mottled anthocyanin pattern in which the dots are angular, 
irregular in shape and vary widely in size. This phenotype appears to be 
similar in some respects to that reported here; however, the flush phenotype 
is often accompanied by a so-called germless condition. In this case, it seems 
possible that the effect of irradiation may be upon modifiers rather than muta- 
tion of the recessive a; allele to a higher allele. Since McCiintock (1950) 
found that a, will mutate to 4; when the short arm of 9 is subjected to struc- 
tural modification, it seems a logical assumption that irradiation should pro- 
duce structural modifications in the short arm of chromosome 9 which would 
cause a; to mutate to higher alleles. However, no dotted phenotypes occurred 
in these experiments, which is in agreement with the X-ray work of STADLER 
(1944). However, the X-ray treatments used by STADLER failed to induce the 
flush phenotype. If the induction of the flush phenotype proves to be due to 
the action of modifiers it seems likely that STapLeEr’s failure to induce the 
flush phenotype may be due to the use of a different a; stock; either the a; 
allele itself is different from the one used here or the stock possessed a differ- 
ent genotype with respect to modifiers. It is also possible, although perhaps 
unlikely, that the effect of irradiation is upon existing enzyme systems; thus 
the flush phenotype could be due to cytoplasmic changes of a physiological 
nature. The fact that mutation of the flush phenotype occurs spontaneously, 
as happened in one kernel in these experiments, indicates that the chief 
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effect of irradiation is to increase the mutation rate. Further experiments 
should provide information concerning the nature and inheritance of the flush 
phenotype. 

The studies on premeiotic mutation show that y-irradiation was ineffective 
in producing either dominant mutation or the dominant phenotype in reces- 
sive a, dt cells. Likewise, considering the data for all loci concerned, it appears 
that y-irradiation is either not very effective in producing recessive pre-meiotic 
mutation, or if mutation is induced, few of the cells survive to produce viable 
gametes. Although the rate of induced recessive premeiotic mutation is low it 
appears considerably higher than the spontaneous rate. It is interesting 
to note that in the case of the two premeiotic mutations found, preliminary 
cytological examination reveals no detectable chromosomal alterations. It 
seems possible that this method of inducing mutation may screen out most 
gross chromosomal changes. 


SUMMARY 


1. Recessive mutations were induced at the )’g locus by X-ray treatment 
of pollen. Cytological analysis revealed that in 14 of the fifteen mutants an- 
alyzed, the mutation was associated with chromosomal alteration which re- 
sulted in the loss of the chromomere containing the Vg locus. In one mutant 
no visible chromosomal alteration could be detected in chromosome 9. In this 
case the mutant must have arisen either by mutation of Yg to yg or by a 
chromosomal alteration in the chromomere containing the Y'g locus which was 
so minute as to escape detection. 

A similar study was made involving the Lg and G/ loci. Of the 15 mutant 
plants analyzed, 11 were found to be associated with breakage in chromosome 
2. In the case of four mutants, no visible aberrations could be detected in 
chromosome 2. 

In another experiment a flush anthocyanin phenotype was induced in re- 
cessive a, dt endosperms by means of X-ray treated pollen. The flush pheno- 
type was found in two percent of the kernels, and most of these were germless. 

2. An experiment was made to study the effect of y-irradiation on the in- 
duction of the dominant phenotype in cells homozygous recessive for one of 
the factors whose dominant allele is ordinarily necessary for expression of 
the dominant phenotype. After fertilization, developing homozygous recessive 
a, dt kernels were treated with y-irradiation. A dominant flush anthocyanin 
phenotype was induced in the aleurone in many kernels, particularly at the 
higher doses of irradiation. The majority of endosperms with flush aleurones 
were also germless. A mottled brown aleurone was also induced. Both types 
are heritable and provide material for further study. 

3. Attempts were made to induce recessive mutation by y-irradiation in 
premeiotic cells for the 4,, 4s, Bt, Pr and R loci. One in a total of 32 treated 
plants possessed a premeiotic mutation at the 4; locus, and one in a total of 
22 possessed a premeiotic mutation for the Bt locus. No premeiotic mutations 
were found in the seven plants tested for the R locus, or in the 22 plants 
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tested for the 4s and Pr loci. In general, y-irradiation of premeiotic cells is 
not a very effective method of producing mutations ; however, those induced 
in this study possessed no observable chromosomal alterations. 

An experiment was made in which premeiotic cells of homozygous reces- 
sive a, dt plants were treated with y-irradiation. Although a few of the result- 
ing kernels showed a flush phenotype, this method was largely ineffective in 
inducing the dominant phenotype. 
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